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Single-molecule magnets (SMMs) are of intense interest due to their potential 
use as molecular data storage. However, much is yet to be understood about the 
magnetic transitions that govern their properties, including how to control the relaxation 
from one bistable magnetic ground state to another. The primary focus of this 
dissertation is the use of far-IR and Raman spectroscopies to probe magnetic 
excitations in SMMs. These studies serve two purposes: (1) Determine directly the 
energies of magnetic levels in SMMs; (2) Reveal the presence of spin-phonon couplings 
and quantify their magnitudes. Such studies have been performed for several 
compounds in this work, including transition metal and lanthanide complexes of varying 
symmetries. Each compound was spectroscopically studied with the application of 
magnetic fields, allowing the direct viewing of changes in energy levels of magnetic 
origin. As the magnetic peaks shift, they interact with neighboring phonons in the form 
of avoided crossings, indicating these states are coupled. In several cases, the results 
agree well with inelastic neutron scattering (INS) studies of the same compounds. In 
addition, DFT phonon calculations of several compounds and magnetic susceptibility 
measurements have been performed. These studies aim to provide a more complete 
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1.1. Molecular Magnetism 
Throughout history, magnetism has been found in a large number of materials. It 
is historically most prevalent in iron-based alloys. In the modern age, much stronger 
magnets, such as those developed from lanthanide metals, have found a wide variety of 
uses and technical applications.1 Magnetic materials such as these have even been 
developed for the purposes of storing data in electronic devices.1-2 However, 
miniaturization of these materials to increase data density can only take us so far and a 
new solution is needed. Almost thirty years ago, scientists studied the molecular 
compound [Mn12O12(OAc)16(H2O)4]·2HOAc·4H2O (also known as Mn12Ac) which 
displayed an open magnetic hysteresis curve stemming from a slow relaxation between 
two magnetic ground states.3 This formed the basis of the single-molecule magnet 
(SMM) system, which could theoretically be used to store data on the molecular scale. 
These magnetic ground states are formed by the quenched angular momentum of 
unpaired electrons in paramagnetic complexes, thus giving rise to a splitting of the 
degenerate ground states known as zero-field splitting (ZFS).4 ZFS is a key factor in the 
formation of transition metal-based SMMs. 
 ZFS is a key factor in the formation of transition metal-based SMMs. It is 
essentially a second-order spin-orbit coupling (SOC) effect found in S > ½ transition 
metal complexes with quenched angular momentum and is described by the terms 
found in the following spin-Hamiltonian (SH):1,4 
 
?̂? = 𝐷[?̂?𝑧
2 − 𝑆(𝑆 + 1)/3] + 𝐸(?̂?𝑥
2 − ?̂?𝑦




where D and E represent the axial and rhombic ZFS parameters, respectively, μB is the 
Bohr magneton, g is the electron spin g-factor, ?̂? is the spin operator and ?̂? is the 
magnetic induction vector. 
 In an integer-spin system, the magnetic sublevels have integer MS values 
ranging from MS = 0  ±S. Half-integer-spin complexes exhibit degenerate sublevels of 
half-integer spin ranging from MS = ±1/2  ±S, known as Kramers doublets (KD). With 
an applied magnetic field, each of these levels will split according to the Zeeman effect. 
D and E quantify the magnetic anisotropy, which lifts the degeneracy of the spin 
microstates in the ground electronic state without the use of an applied magnetic field. 
These values can be either positive or negative. Positive D values indicate that the total 
spin is mostly located around the xy plane, corresponding to an easy-plane anisotropy. 
This places the smallest MS states (MS = ±1/2 or 0) at ground energies. Negative D 
values indicate spin is primarily along the z-axis, known as easy-axis anisotropy. This 
configuration places the largest MS states (MS = ±S) at the ground energy. Ideally, this 
forces electrons to transition to higher energy magnetic states to cross over the barrier 
(U) between the two ground states, as the transition -S  +S in such S > ½ cases is 
spin-forbidden. Figure 1.1 displays a scheme of a magnetic barrier for an S = 3/2, D > 0 
system. Most SMMs possess negative D values. However, there are many examples of 
positive D values that display slow magnetic relaxation as well.4-5  
First-order SOC is found in both transition metal systems with unquenched 
angular momentum and f-element complexes, where magnetic sublevels are 




Figure 1.1. Scheme of the magnetic barrier for a transition metal system with S = 3/2 
and D < 0. The barrier energy (U) is signified by the light blue arrow in the center. 
Dashed green arrows represent the ideal path of magnetic relaxation through the 




types operate in much the same way as those systems with ZFS, having to cross over a 
barrier to relax between two bistable ground states.2 
Making an SMM that crosses over this barrier unhindered is challenging. Several 
additional methods of relaxation may cut the process short, allowing the formation of an 
effective barrier (Ueff) much lower in energy than the actual barrier. Three mechanisms 
are described by Eq. 1.2: (1) Direct process that involves the direct exchange of energy 
between the excited spin and the phonons of the lattice; (2) Raman process that 
involves virtual excited states in the relaxation; (3) Orbach process that describes the 
travel of the excited electrons through an actual excited state, such as the excited ZFS 
state, followed by relaxing back to the ground state.1-2 These mechanisms are 
quantified through a multi-parameter fit of the AC susceptibility data (Eq. 1.2). 
 




)     (Eq. 1.2) 
 
where A, C and τ0 are parameters that contain the spin-phonon coupling (SPC) matrix 
element and the speed of sound, H is the magnetic field, T is temperature, and k is the 
Boltzmann constant. 
SPC is key to understanding spin relaxation in order to maximize Ueff values. At 
the moment, SPC is not clearly understood, particularly how it interacts with these 
magnetic transitions and to what extent the coupling may be in the magnetic relaxation 
of each complex. AC susceptibility can illuminate the relaxation mechanisms present in 
each SMM, but it does not have the capability to directly observe the actual barrier U. 
To do that, we need spectroscopic methods such as far-IR, Raman and INS 
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spectroscopy. As we design and prepare more SMMs with higher blocking 
temperatures, these methods will be increasingly important to determine the extent of 
SPC at higher energies. 
 
1.2. Electronic Structure of Single-Molecule Magnets 
The magnetic levels that define single-molecule magnets stem from the 
electronic structures of both transition-metal and lanthanide compounds. The main 
difference between the two is the order in which spin-orbit coupling and crystal field 
effects are applied. In transition-metal complexes, spin-orbit coupling is a second order 
effect with a smaller effect than the crystal field. In lanthanide complexes, these are 
reversed since the f-orbitals have small overlaps with ligand orbitals and experience no 
quenching of their f-electrons. Therefore, the crystal field has a much smaller effect and 
is applied after SOC. 
  
1.2.1. Octahedrally Coordinated Co(II) Ions 
 Transition-metal complexes experience zero-field splitting (ZFS) as a result of the 
quenched angular momentum of their d-electrons, leading to a splitting of their orbitally 
nondegenerate electronic ground state. To illustrate this, we use the Co(II) ion as an 
example.  
 Co(II) has a spin of S = 3/2 and a valence electron count of d7. This gives a free-
ion ground term of 4F, which, according to the d7 Tanabe-Sugano diagram, leads to a 
4T1g ground state for high-spin and 2Eg for low-spin ions in an octahedral ligand field. If 
the ligand field is strictly octahedral, then the ion does not experience any magnetic 
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anisotropy and no ZFS occurs. However, with a tetragonal distortion, the symmetry can 
be lowered to D4h, leading to a splitting of the high-spin 4T1g ground state to 4A2g and 
4Eg. The energies of these states can be calculated, as reported elsewhere.6-9 If 4Eg is 
the ground state, then ZFS does not occur due to the unquenched angular momentum. 
Thus, the states cannot be defined by the spin-Hamiltonian. However, if 4A2g is the 
ground state, the orbital angular momentum is quenched and ZFS can split this state 
into two Kramers doublets: MS = ±3/2 and MS = ±1/2 (Figure 1.2). The sign of D in the 
spin-Hamiltonian in Eq. 1.1 will determine which of these states is the ground state. 
 
1.2.2. Tetrahedrally Coordinated Co(II) Ions 
In a tetrahedral crystal field, the order of the d-orbitals is reversed compared to 
an octahedral field. For the d7 ion in a tetrahedral field, its Tanabe-Sugano diagram is 
similar to that of a d3 ion in an octahedral field, giving 4A2 as the ground state. If the 
symmetry is distorted and lowered to D2d, the ZFS of the ground 4B1 state is the result of 
mixing with excited electronic states such as 4B2 and 4E. Here, the axial D parameter is 
highly dependent on the energy splitting of the ground and excited electronic states, and 
can be calculated by Eq. 1.3. Thus, the sign of D is based on the energies of the two 
excited states, as predicted by perturbation theory, where λ is the SOC parameter.4,10 
 
𝐷 = 4𝜆2 [
1
𝐸( 𝐸 4 )
−
1
𝐸( 𝐵2 4 )





Figure 1.2. ZFS scheme for negative (Left) and positive (Right) axial D parameters for 
an S = 3/2 system with a 4A2 crystal field ground state. ZFS states are further split under 
an applied magnetic field. 
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If the symmetry is lowered to C2v, such as in compound 4 presented in Chapter 5, 
then the ground state transforms as 4A2 and the D parameter is the result of similar 
couplings with the excited states. 
 
1.2.3. Electronic Structure of Er(III) Ions 
Unlike transition metal complexes, lanthanide complexes experience much larger 
spin-orbit coupling due to the unquenched angular momentum of the f-electrons caused 
by the overlap of the f-orbitals with the ligands. As shown in Chapter 4, this leads to 
first-order SOC, followed by the smaller crystal field effect. The crystal field splits the 
ground SOC state into the MJ multiplet. In this case, the ground SOC state is 4I15/2. 
 
1.3. Experimental Studies of Magnetic Transitions 
 A large number of techniques have been used to study the magnetic transitions 
of both d- and f-element complexes.5 Magnetic susceptibility is by far the most 
commonly used method. However, this is an indirect method that relies on a multi-
parameter fit, thus possessing some inherent uncertainty. Often, the data can be 
modeled using both positive and negative D values, making direct spectroscopic 
methods more desirable. A common direct method is high-field, high-frequency electron 
paramagnetic resonance (HF-EPR) spectroscopy, which can accurately measure 
magnetic dipole transitions between MS or MJ levels. While this method works well, it 
has several drawbacks, including its typical upper energy limit of approximately 33 cm-1. 
In recent years, the barriers of new SMMs often extend beyond 100 cm-1, making it 
impractical to use HF-EPR for such systems. A similar method known as frequency-
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domain magnetic resonance (FDMR) has been employed several times, which can 
sweep the microwave frequency at a single field. However, this method is limited to <48 
cm-1.5,11-13 
 To measure barriers above these ranges, we employ several direct techniques, 
including far-IR, Raman and INS spectroscopies. Their spectroscopic ranges are much 
greater, potentially reaching thousands of wavenumbers. Together, these methods can 
reveal the position and behavior of magnetic transitions and illustrate how they interact 
with phonon modes with applied magnetic fields. Each of these methods will be 
discussed in further detail in the following sections. 
 
1.3.1. Far-IR Spectroscopy 
Far-IR spectroscopy is a commonly used and accurate method for directly 
determining the energies of magnetic states, revealing the precise magnitude of these 
barriers.5 It was initially determined by Brackett and Richards that ZFS transitions in 
transition metal compounds are by nature magnetic dipole transitions, making them 
allowed in far-IR, but typically much weaker than IR-active phonons.14 For a single 
transition between an initial (|𝑖𝑛⟩) and final (|𝑓𝑛⟩) state, one can write the absorption 






𝜈𝜌(𝜈 − 𝜈𝑛)|⟨𝑓𝑛|?̂? × ?̂? ∙ ?̂?|𝑖𝑛⟩|
2
    (Eq. 1.4) 
 
where No is the concentration of paramagnetic ions, me is the mass of an electron, c is 
the speed of light, ρ is a lineshape function, and νn is the energy difference between the 
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eigenvalues of both states. Both ?̂? and ?̂? are unit vectors corresponding to the directions 
of propagation and electric field polarization of the incident light, respectively, and ?̂? is 
the spin operator. At any given temperature, one must account for the thermal 















       (Eq. 1.5) 
 
Where Ei is the eigenvalue of the SH for state |𝑖⟩. Therefore, the total absorption 
coefficient of a single particle is defined by a sum over all possible ZFS transitions, as in 
Eq. 1.6.17 
 
𝛼(𝜈) = ∑ 𝛼𝑛(𝜈)𝑃𝑛(𝑇)𝑛        (Eq. 1.6) 
 
Since most of our samples are powders, and the particles exist in random 
orientations, Eq. 1.6 must be averaged over all orientations (x, y, z). For unpolarized 
incident light, the average over ?̂? and ?̂? are performed analytically. Thus, Eq. 1.6 
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) is the magnetic dipole transition probability, 




. The solid angle 
𝑑𝛺𝐵 = 𝑠𝑖𝑛𝜃𝐵𝑑𝜃𝐵𝑑𝜑𝐵 relates to the polar (𝜃) and azimuthal (𝜑) angles of the magnetic 
field (B) in relation to the SH axes, and has the effect of enhancing transitions 
perpendicular to the field (B ⊥ z).19 𝑃𝑛(𝑇) suppresses transitions to states larger in 




≪ 1. Certain transitions can strongly depend on the rhombicity E/D. Nonzero 
rhombicity will allow transitions to go to higher states such as those with ΔMS = ±2, 
which become stronger with larger E/D.4 That is, with increasing rhombicity, MS is no 
longer a good quantum number. 
 Magnetic dipole transitions are also found in lanthanide SMMs. Lanthanide 
compounds exhibit magnetic levels due to crystal field splitting. Each transition between 
the ground and excited MJ levels is magnetic dipole-allowed.20 
Far-IR spectroscopy of lanthanide compounds was first pioneered by work such 
as Sievers’ studies of rare-earth iron garnets, rare-earth ethyl sulfates and anhydrous 
rare-earth halide compounds.21-22 Recently, this method has been employed more 
often, including quite a few studies by van Slageren for a number of compounds.23-25  
Often it is difficult to distinguish between magnetic and vibrational peaks without 
the use of magnetic fields or polarized light sources. To illuminate the magnetic peaks, 
we employ variable magnetic fields, which affect magnetic levels of transition metal and 
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rare-earth complexes. In theory, each transition to a level with a nonzero MS or MJ value 
should split with applied field.5 This is quite simple if one studies single crystals. 
However, often only powder samples are available, which leads to an average 
dispersion of random orientations. Most often a single shift is seen as only the ground 
state is populated at applied fields at the temperatures measured (around 5 K, near 
liquid helium temperature) due to Boltzmann statistics. Additionally, interactions of the 
magnetic transition with neighboring phonons can further obscure the behavior of these 
shifts. 
 
1.3.2. Far-IR Methods and Analysis 
SMMs are studied by far-IR spectroscopy by two methods in this dissertation. 
Transmittance far-IR is performed on powder samples mixed with n-eicosane (C20H42). 
This mixture can either be formed into a pellet before mounting on the sample stage or 
the powder sample can be mixed with only a minimal amount of melted eicosane to 
minimize background contributions. This method is useful for single crystals as well, but 
was not utilized for this work. The second method is reflectance far-IR, which only works 
with mounted single crystals of each compound. In the reflectance spectra reported 
here, the crystals are unoriented, being placed lengthwise along the axis of the 
magnetic field (Voigt geometry).26 The Faraday geometry is also possible, where the 
crystals are placed flat and perpendicular to the field direction.26 This geometry was not 
used in this work. Photos of the sample holders used are displayed in Figure 1.3. 
The far-IR spectra for each compound are recorded up to approximately 17 T. If 
the region of interest is below 100 cm-1, a mercury lamp far-IR source is used to gain 
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more signal in this region. As this lamp is plasma-based, it is somewhat susceptible to 
the nearby magnetic fields. This leads to a significant change in the baseline of each 
spectrum with applied fields. The normalized spectrum must be baseline corrected to 
account for this and then multiplied by the zero-field spectrum to obtained a final 
baseline-corrected far-IR spectrum. If a globar mid-IR source is used, this method may 
or may not be necessary. In several cases, only a multiplicative factor is applied to each 
spectrum to account for any differences. 
As stated previously, it is often difficult to distinguish magnetic peaks from 
phonons without the application of a magnetic field. However, if the magnetic peak is 
exceedingly weak, then it may still be difficult to directly observe these changes in the 
far-IR spectra with applied fields. This is true of many compounds studied in this work. 
To more clearly observe these, we perform three different normalization methods.  
The first is normalizing by the zero-field spectrum (TB / T0), which can clearly 
point towards the magnetic peak’s exact location. This is the most common method for 
determining the location of magnetic peaks with changes in field.25,27 The problem with 
this method is if there are coupled phonons that shift with field as well, it may not 
accurately indicate where the magnetic peak originates. Additionally, this method does 
not indicate much about the behavior or magnitude of these couplings. 
The second method is performed by normalizing the spectrum at each field by the 
average intensity across all fields (TB / TAVG). This method is well suited to a contour plot 
of energy (x) vs. field (y) vs. intensity (z), and can clearly display the paths of the 
magnetic peak and any coupled phonons due to avoided crossings. This method has 
seen little use in the SMM community until the work from this dissertation was  
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Figure 1.3. (Left) Two sample holders for transmittance far-IR measurements. (Middle) 
Sample holder for reflectance far-IR measurements. (Right) Sample stage for Raman 





published.28 This method is useful for relatively narrow peaks that shift and experience 
avoided crossings one at a time. With very broad magnetic peaks, the behavior of these 
features can be obscured as their shift is small relative to their width. 
The final method is normalizing the spectrum of each field by the spectrum of the 
preceding field (TB / TB-1). This is quite useful for identifying small changes with field as it 
only reveals what has changed since the previous field. The main drawback is that the 
noise is elevated relative to other methods since everything is normalized by a different 
spectrum.  
 
1.3.3. Raman Spectroscopy 
 Raman spectroscopy has previously been used once to measure magnetic levels 
in a SMM, such as the ones described here. This study, performed by Gnezdilov et al., 
used a Raman spectrometer coupled to magnetic fields up to 25 kOe to directly 
determine the energies of several magnetic levels in [Fe(H2O)6]SiF6, which has 
unquenched angular momentum of its d-electrons.29 These energies were confirmed by 
similar studies by other groups using FDMR, far-IR and EPR.22 However, to our 
knowledge, this method has not been utilized for compounds exhibiting ZFS, and was 
not pursued again, likely due to lack of interest and availability of Raman instruments 
coupled with magnetic fields. 
 The selection rules for electronic Raman transitions are ΔJ ≤ 2, ΔL ≤ 2, ΔS = 0, 
meaning states that rely only on a change in spin are Raman-forbidden. Instead, there 
must be a change in the orbital component to be allowed. Thus, transitions between 
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magnetic states in lanthanide complexes and transition metal complexes with first-order 
SOC should be Raman-allowed.30  
 Very little work has been done with Raman on SMM systems. ZFS transitions in 
transition metal complexes are magnetic dipole-allowed, making them vanishingly small 
in Raman spectroscopy. Raman spectroscopy has been used quite often to study 
similar crystal field transitions in lanthanide complexes. These are allowed transitions, 
since they contain some orbital component due to their inherent first-order spin-orbit 
coupling. 
A significant finding of the current work is that a ZFS transition, although 
vanishingly weak in Raman spectroscopy, may couple with Raman-active phonons so 
that the coupled modes contain elements of both magnetic and phonon features. 
Through the spin-phonon coupling, the magnetic features of the ZFS transition are 
observable in Raman. 
 
1.3.4. Raman Methods and Analysis 
Raman spectra of the SMMs in this work were collected by two instrumental 
setups. The first is directing the light both to and from the sample using a fiber-optic 
cable. This is a very common and simple method, but in the instrument used, limits the 
lower energy cutoff to approximately 70-100 cm-1. Alternatively, a direct-optics setup 
can be utilized, where the free-beam collected light is guided both to and from the 
sample stage by a collection of calibrated optics on a laser table. This is a much more 
complicated system that requires more knowledge and experience to use, but has a 
more preferable lower energy limit of ~3 cm-1. This method allows for the study of low-
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energy transitions that cannot be observed with a fiber-optical setup. Chapter 2 
presents results using a fiber-optic setup, while Chapters 3, 5 and 6 use the direct-
optics setup. A photo of the Raman sample stage is displayed in Figure 1.2. 
All Raman spectra were collected at 5-10 K. Crystals of similar thickness were 
attached to a brass sample stage using vacuum grease. Vacuum grease is preferable 
as it remains malleable at room temperature and hardens at low temperatures. If 
powders are measured, then a trench is ground into the stage, containing powder. A 
thin glass slide is placed on top of the powder to immobilize it while under vacuum. The 
glass slide is secured in place using either GE varnish or superglue. While some 
powders may be possible to measure, single crystals are preferred to eliminate random 
orientation effects, limiting the broadening of peaks. 
All Raman spectra in this work were collected on unoriented single crystals 
unless otherwise noted. While the crystals used must present a face perpendicular to 
the incident laser light, orientation of the crystal faces is not necessary if the primary 
concern is to determine the origin of the magnetic/ZFS peak. The orientation of the 
crystal will affect how large the splitting of the degenerate magnetic states is, as each 
molecular axis is associated with a separate g value. The biggest hurdle with analyzing 
Raman spectra is the presence of cosmic ray peaks. These are easily identified due to 
their sharpness and large intensity and can be manually deleted in any spreadsheet 
program. In contrast to far-IR spectra, Raman typically do not require normalization, as 





1.3.5. Spin-Phonon Coupling 
 In many of the compounds presented in this work, coupling between the 
magnetic and phonon peaks occurs in the form of avoided crossings. These can be fit 





)        (Eq. 1.9) 
 
where Esp and Eph are the expected energies of the magnetic and phonon excitations, 
respectively; Λ is the spin-phonon coupling constant. The matrix is solved to give two 
eigenvalues E± in the secular Eq. 1.10. 
 
|
 𝐸sp - 𝐸 𝛬
𝛬 𝐸ph - 𝐸 
| = 0       (Eq. 1.10) 
 
These new values E+ and E- correspond to the magnetic and phonon peaks after 
they have begun their avoided crossing, giving two new peaks that appear to repel each 
other. These fittings are applied in Chapters 2-6. It should be noted that Eq. 1.9 only 
accounts for the interaction between one magnetic peak and one phonon peak. 
Fortunately, one can easily account for additional phonons or magnetic modes by 
simply expanding the matrix to include them and additional coupling constants. Matrices 
for each specific case are included in the following chapters. This model is useful for 
only simple couplings, and is thus limited in the information it can provide. A vibronic 
model such as the one presented in Chapter 2 provides more information regarding how 
the coupling relates to other states and magnetic anisotropy parameters.25,31 
20 
 
1.4. Symmetries of Magnetic States 
The symmetry of most states in a molecular complex can be easily described by 
their irreducible representations, which depends on the molecular point group. However, 
in the magnetic states of SMMs, the standard representations only apply to states with 
integer spin (S) or total angular momentum (J). If the system has half-integer S or J, 
then each state must be described by the extended version of each character table, 
known as a double group. Their construction is described elsewhere,32 but each double 
group has at least one additional irreducible representation than those in the original 
character table (for the point group), describing states with half-integer MS or MJ values 
present in transition metal or lanthanide complexes. There are several ways to denote 
these representations. The method used here is Bethe’s system, which uses a serially 
indexed set of capital gammas (Γi). Each representation is denoted by Γi, with the 
additional representations present in the double group making up the highest values of 
Γi (see Tables F.1-F.7 in Appendix F).32-34  
 
1.5. Current Dissertation 
 This dissertation includes the study of both transition metal and lanthanide 
complexes of varying symmetries and serves several major goals in the field of 
molecular magnetism: (1) Explore how the magnetic barriers of SMMs can be directly 
observed by a variety of spectroscopic techniques, including far-IR and Raman 
scattering, when coupled with magnetic fields; (2) Illuminate how spin-phonon coupling 
is present between the magnetic barrier transitions and neighboring phonons; (3) 
Calculate phonon spectra to compare with experimental spectra. 
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1.5.1. Chapter 2 
 Co(acac)2(H2O)2 (1) and its deuterated isotopologues (1-d4 and 1-d18) have been 
studied by a combination of far-IR and Raman spectroscopies to directly determine the 
ZFS peak. This work serves to illustrate the interaction the magnetic peak has with 
Raman-active phonons, producing several avoided crossings. A vibronic coupling model 
is employed here to understand the nature of the observed transitions. 
 
1.5.2. Chapter 3 
 [Co(12-crown-4)2](I3)2∙(12-crown-4) (2) is studied in depth using far-IR 
transmittance and reflectance spectroscopies to directly determine the ZFS peak. This 
highly axial compound displays multiple avoided crossings with far-IR active phonons as 
the transition shifts with magnetic field. A spin-phonon coupling fit quantifies the 
coupling constants of each avoided crossing.  
 
1.5.3. Chapter 4 
 The equatorially-coordinated Er[N(SiMe3)2]3 (3) is thoroughly studied by far-IR 
spectroscopy, revealing multiple crystal field states. When fitted with a spin-phonon 
coupling model, several weak avoided crossing are revealed and quantitated. This 
agrees well with simultaneous inelastic neutron scattering studies. 
 
1.5.4. Chapter 5 
 This chapter covers the comprehensive spectroscopic determination of magnetic 
levels in Co(AsPh3)2I2 (4). Both Far-IR and Raman reveal the ZFS peak, as well as 
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avoided crossings with phonon modes in both techniques. Lastly, DFT calculated 
phonon modes have been compared with INS spectra to help assign the ZFS peak.  
 
1.5.5. Chapter 6 
 The first reported Re-based SMMs (NBu4n)2[ReX4(ox)] [X = Br (5), Cl (6); ox = 
oxalate] are studied by both far-IR and Raman spectroscopy. Both spectroscopies 
reveal the magnetic peaks and several spin-phonon couplings. Magnetic simulations 








Spectroscopic Studies of Spin-Phonon 
Couplings in the Single-Molecule Magnet 
Co(acac)2(H2O)2 and Isotopologues 
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This chapter is based on the following paper: 
Duncan H. Moseley, Shelby E. Stavretis, Komalavalli Thirunavukkuarasu, Mykhaylo 
Ozerov, Yongqiang Cheng, Luke L. Daemen, Jonathan Ludwig, Zhengguang Lu, Dmitry 
Smirnov, Craig M. Brown, Anup Pandey, A. J. Ramirez-Cuesta, Adam C. Lamb, Mihail 
Atanasov, Eckhard Bill, Frank Neese, Zi-Ling Xue, Spin-Phonon Couplings in Transition 
Metal Complexes with Slow Magnetic Relaxation. Nat. Commun. 2018, 9, 2572. 
https://www.nature.com/articles/s41467-018-04896-0 
 
This author conducted the synthesis and characterization of Co(acac)2(H2O)2 (1), 
Co(acac)2(D2O)2 (1-d4) and Co(acac-d7)2(D2O)2 (1-d18), as well as the far-IR and Raman 
studies. The vibronic model of the Raman spectra of 1 and the electronic calculations 
were performed by M. Atanasov, E. Bill and F. Neese, and are included for a complete 
presentation of the studies.  
 
Inelastic neutron scattering (INS) studies of 1-d4 and 1-d18 were later reported in the 
following paper and in the dissertation of Shelby E. Stavretis, some of which is included 
here for completeness: 
Shelby E. Stavretis, Yongqiang Cheng, Luke L. Daemen, Craig M. Brown, Duncan H. 
Moseley, Eckhard Bill, Mihail Atanasov, Anibal J. Ramirez‐Cuesta, Frank Neese, Zi‐Ling 
Xue, Probing Magnetic Excitations in CoII Single‐Molecule Magnets by Inelastic Neutron 





Spin-phonon coupling plays an important role in single-molecule magnets 
(SMMs) and molecular qubits. However, there have been few detailed studies of its 
nature. Here, we show for the first time distinct couplings of g phonons of 
Co(acac)2(H2O)2 (acac = acetylacetonate) and its deuterated analogues with zero-field-
split, excited magnetic/spin levels [Kramers doublet (KD)] of the S = 3/2 electronic 
ground state. The couplings are observed as avoided crossings in magnetic-field-
dependent Raman spectra with coupling constants of 1-2 cm-1. Far-IR spectra reveal 
the magnetic dipole-allowed, inter-KD transition, shifting to higher energy with 
increasing field. A vibronic coupling model, supported by ab initio electronic structure 
calculations, is proposed to rationalize the behavior of the coupled Raman peaks. The 
current work spectroscopically reveals and quantitates the spin-phonon couplings in 




Transition metal complexes displaying slow magnetic relaxation are of great 
interest for possible use as single-molecule magnets (SMMs) and qubits.1,5,35-42 One 
current focus is to decrease the molecular size to a single metal center.1,5,43 To increase 
magnetic relaxation times, scientists have sought bistable complexes with large axial 
anisotropy1,5,35-41 and large energy barriers for the magnetization reversal.4,44-45 This is 
usually achieved by aiming for large, negative axial ZFS (|D| ≫ kT) and vanishing 
rhombicity, E/D, rendering pure MS functions and no direct magnetic dipole transitions 
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such as MS = -3/2  +3/2 (S = 3/2 and D < 0). However, Gómez-Coca and coworkers 
recently reported that 1, a Kramers ion with large rhombic ZFS and significant g 
anisotropy, behaves as an SMM in external magnetic fields [D' = (D2 + 3E2)1/2 ≈ 57 cm-1, 
E/D = 0.31].46 
Direct determination of large magnetic level separations (ZFS > 33 cm-1) is a 
challenge.5 Phonons are prevalent in the >15 cm-1 region, making it difficult to 
distinguish them from magnetic peaks by IR or microwave spectroscopy.47 Frequency-
domain-Fourier-transform-terahertz-EPR spectroscopies (FD-FT-THz-EPR) has been 
used to detect 10-200 cm-1 magnetic gaps.42,48 Far-IR has also been used to directly 
determine ZFS parameters,14-15,25,49-52 including the recent works by van Slageren and 
coworkers utilizing variable magnetic fields to identify magnetic peaks in SMMs.24-25,50  
Raman spectroscopy is seldom used to examine magnetic levels of transition 
metal complexes. In 1991, Gnezdilov and coworkers reported observation of magnetic 
transitions in [Fe(H2O)6]SiF6 by Raman in magnetic fields.5,29 These results agree well 
with those from far-IR (D = 11.78 cm-1),22 high-frequency electron paramagnetic 
resonance (HF-EPR)12 and frequency-domain-magnetic-resonance spectroscopy 
(FDMRS).12 The authors attributed the Raman peaks in [Fe(H2O)6]2+ to the presence of 
orbital angular momentum in the magnetic states. To our knowledge, Raman has not 
been used to probe molecular magnetism in other complexes, although electronic 
transitions have been probed.53-58 
Spin-phonon coupling is often the mechanism of magnetic relaxation in SMMs 
and qubits.1,5,35-41,59 However, there is little understanding of these interactions, 
including their nature and magnitude. Phonons of SMM crystals include both 
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intramolecular (or molecular) and lattice vibrations.60 Recently, there has been a drive 
using theoretical models61-63 to understand how phonons lead to relaxations in SMMs. 
Goodwin and co-workers have reported that [Dy(Cpttt)2][B(C6F5)4] (Cpttt = 1,2,4-
But3C5H2) displays magnetic hysteresis up to 60 K.63 The magnetic relaxation is 
attributed to displacements primarily involving the C-H motions on the Cpttt rings. A 
combination of experimental methods is needed to directly observe, and thus help 
understand, how phonons interact with unpaired electron spins. Recent experimental 
evidence in this area includes work performed by Rechkemmer and coworkers to 
observe spin-phonon couplings of two field-dependent absorptions of a Co(II) SMM with 
far-IR spectroscopy.25 
We report here our studies of Co(acac)2(H2O)2 (1), Co(acac)2(D2O)2 (1-d4) and 
Co(acac-d7)2(D2O) (1-d18). Spin-phonon couplings have been probed by a combination 
of Raman and far-IR spectroscopies. With magnetic fields, the inter-Kramers transition 
moves and interacts with other phonons of g symmetry, rendering avoided crossings 
(coupling constants ≈ 1-2 cm-1). In Raman spectroscopy, phonon features of the 
coupled peaks are observed with applied magnetic fields. Far-IR spectroscopy reveals 
directly magnetic features of these coupled peaks. Periodic DFT calculations give 
computed energies, atomic displacements and symmetries of the phonons in 1-d4 and 
1-d18 crystals. A vibronic model has been developed for the field-dependent Raman 
transitions in 1. In addition, ab initio calculations of the electronic structure in 1 reveal 
the origin of its ZFS. 
28 
 
2.3. Results and Discussion 
2.3.1. Structure and Magnetic Properties 
Compound 1 is a high-spin, d7 hexacoordinated Co(II) complex with a pseudo-
tetragonal structure (Figure 2.1a). Its crystal structure, determined by single-crystal 
X-ray diffraction at 100 K, shows C2h molecular symmetry with equatorial and axial Co-
O distances of 2.034, 2.040 and 2.157 Å, respectively. If the local symmetry around the 
Co(II) ion is approximated to D4h, the ground electronic state is 4A2g (4Ag for C2h). For 
high-spin, d7 complexes in D4h symmetry, ZFS leads to two KDs that, in the absence of 
rhombicity in zero field, can be labelled by MS = 1/2 and 3/2. When D < 0, E/D ≈ 0, 
the MS = 3/2 KD is the ground state with an easy axis of magnetization along the z-
direction. For sufficiently large |D|, fields up to a few Tesla cannot mix the two KDs and 
induce any measurable magnetization in the x- or y-directions. In contrast, for D > 0 and 
E/D ≈ 0 complexes (Figure 2.1b), the ground state KD MS = 1/2 is split into MS = -1/2 
and +1/2 states by Zeeman splitting which is strongly direction-dependent. SMM 
behaviors in such complexes are not expected because transitions between these two 
states are spin-allowed. Gómez-Coca and coworkers have shown that 1 behaves as an 
SMM (in external DC fields) despite its lower symmetry and dominating large rhombicity 
observed in EPR.46 Magnetic susceptibility fittings revealed large ZFS [D' = (D2 + 3E2)1/2 
≈ 57 cm-1].46 EPR spectra showed typical rhombic effective g values (2.65, 6.95, 1.83), 
rendering an easy axis of magnetization (along y), but this is far from the usual axial 
situation encountered for D < 0, E/D ≈ 0, namely g′ = (0, 0, g'z). The best global 
parametrization for EPR and susceptibility data was favored to have large rhombicity, 




Figure 2.1. 1, 1-d4 and 1-d18 and their ZFS. (a) Structures of 1, 1-d4 and 1-d18. (b) 
Ground-state quartet levels in high-spin, d7 complexes with D4h symmetry (D > 0; E/D = 
0). (c) The quartet levels in 1 with lower symmetry [E/D  0, D' = (D2 + 3E2)1/2], where 
the mixing coefficients a = cos β and b = sin β are described by the mixing angle β 
obtained from the spin-Hamiltonian (S = 3/2) with large D in the absence of field.64-65 
Mixing depends on the rhombicity as tan 2β = 3 (E/D) (SI of Ref. 46). 
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principle almost any value of E/D could be adopted, if the anisotropy of g is increased.46 
The effects are covariant, because both rhombicity and g anisotropy are mixing MS 
functions, at least for finite fields, as visualized in Figure 2.1c. SH parameters cannot be 
deduced experimentally because no EPR spectrum is feasible for such highly excited 
MS = 3/2 KD in 1. Ab initio calculations yielded different values: D = 91.2, E = 10.1 cm-1 
(CASSCF) and D = 63.3, E = 9.3 cm-1 (CASPT2).46 
We chose 1 in part for the fact that it displays slow magnetic relaxation with E/D 
≠ 0, its reported magnetic separation 2D' ≈ 114 cm-1 is relatively large and posed a 
challenge to measure spectroscopically, and deuterated 1-d4 and per-deuterated 1-d18 
could be prepared.66 
 Typical ZFS transitions between KDs in 1 (e.g., MS = -1/2  -3/2) are magnetic 
dipole-allowed by both symmetry and selection rules (ΔMS = 0, 1).32,67 [In the double 
group D4h′ in Table F.1, MS = ±1/2 and ±3/2 KDs are represented by E1/2,g (𝛤6
+) and 
E3/2,g (𝛤7
+), respectively.33-34] These transitions are therefore far-IR active.4,14-15 (In the 
point groups D4h and C2h, the magnetic dipole moment operators have the Eg, A2g and 
2Bg, Ag symmetries, respectively, as the rotations, Rx, Ry and Rz. See Tables F.1 and 
F.2 in Appendix F) The MS = -1/2  +3/2 transition is ordinarily forbidden (ΔMS = 2). As 
discussed below, the large rhombic E value in 1 makes the MS = +3/2 state contain the 
MS = -1/2 character, thus rendering the MS = -1/2  +3/2 transition magnetic dipole-
allowed. In other words, both MS = -1/2  -3/2 and MS = -1/2  +3/2 transitions in 1 are 
far-IR active. As vibronic analyses below demonstrate, spin-phonon couplings of the 
ZFS transition with g phonons make the two coupled peaks contain both magnetic and 
phonon features. In Raman spectra, the phonon excitations of the coupled peaks reveal 
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spin-phonon couplings in variable magnetic fields. Far-IR spectra show directly the 
magnetic features of the coupled peaks. 
 
2.3.2. Spin-Phonon Couplings in Raman Spectroscopy 
Raman spectra of 1, 1-d4 and 1-d18 under 0-14 T fields are given in Figures 
2.2a-f. Figures 2.2a-b (1) show four Raman peaks in the energy range of 110-150 cm-1, 
which are close to the energy estimated for the excited Kramers doublet at 2D' ≈ 114 
cm-1.46 Interestingly, peak A at 116 cm-1, which is the closest to 2D', is found to be 
slightly field-dependent, shifting monotonously to 119 cm-1 at 14 T. Although this feature 
suggests a magnetic contribution, it is unlikely to be the ZFS transition between ϕ1,2 and 
ϕ3,4 levels of the KDs of 1 at zero field (Figures 2.1 and 2.3). The peak does not show 
Zeeman splitting and the shift rate of ~0.23 cm-1/T corresponds to a very small 
difference of effective g values, Δg' ≈ 0.5 (µB = 0.4668 cm-1/T). We therefore infer that 
peak A is predominantly of phonon origin, and its change with field reflects the magnetic 
feature of the spin-phonon coupled peak. At 14 T, the phonon peak is still weakly 
coupled to the ZFS transition. Even more interesting is that peak C at 125 cm-1 is field-
independent below 4 T, but then attenuates with increasing field and shifts to higher 
energies, whereas in the same field range (4-8 T), peak B appears at ~120 cm-1, 
gaining intensity with rising field and shifting to higher energy. Above ~8 T, peak B 
becomes field-independent just at the energy of the weak-field branch of peak C. This 
behavior has the appearance of an avoided crossing. Below, we will explain the effect 
by coupling of a phonon at 125 cm-1 to the transition from the ground level ϕ1|0⟩ to the 





Figure 2.2. Raman spectra and contour maps in 0-14 T magnetic fields. (a-b) 1, (c-d) 
1-d4 and (e-f) 1-d18. Vertical lines indicate Peak A as one spin-phonon coupled peak in 
each set of spectra. The contour maps more clearly show the avoided crossings as a 
result of the spin-phonon couplings. The color codes in (b, d, f) are in units of counts. 
Raman spectra of 1 were collected up to 18 T but were trimmed to be consistent with 












































































































































































































Figure 2.3. (a) Zero-field splitting 2D' of the spin quartet ground state. (b) Vibrational 
states of a selected phonon with eigenfunctions |0⟩ and |1⟩ and a small energy 
separation δ above the excited KD ϕ3,4. (c) Spin-phonon product states with product 
functions ϕi|n⟩ still without vibronic coupling. (d) Vibronic coupling with coupling constant 
Λ, leading to an energy shift and splitting: Δ± = (δ2 + Λ2)1/2. The ZFS transition (grey) is 
vanishingly weak in Raman because it is only magnetic dipole-allowed. The same holds 
for the ϕ1|0⟩  ϕ3|0⟩, ϕ1|0⟩  ϕ4|0⟩, and ϕ1|0⟩  ϕ2|1⟩ transitions. (e) Zeeman splitting of 
vibronic states in a field B and avoided crossing from the coupling between the ϕ4|0⟩ 
and ϕ1|1⟩ states. Note the states ϕ1,2|0⟩ and ϕ1,2|1⟩ have pairwise identical slopes, 
whereas ϕ1,2|0⟩ and ϕ3,4|0⟩ have different slopes. When ϕ4|0⟩, the upper level of the 
excited electronic KD, approaches ϕ1|1⟩, additional coupling occurs, leading to a field-
dependent transition. (Transitions from the first excited level, ϕ2|0⟩, are neglected due to 
vanishing thermal population at 1.5-5 K.) (f) Avoided crossing in the Raman spectra 
based on Eq. 1.10. The red branches are weak in Raman intensity and only partially 
visible because they represent quasi-pure magnetic dipole transitions. 
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2.3). In this picture, the low-field branch of peak B is Raman-silent, as it is primarily a 
magnetic transition when the ϕ4|0⟩ level is far from the phonon energy. However, it 
gains intensity at 4-8 T due to mixing of the phonon with the magnetic wave function. 
The high-field branch of B is a nearly pure phonon again (at 125 cm-1). The shifting 
magnetic level at higher fields then generates a second avoided crossing with phonon 
peak D via the same mechanism. 
Raman spectra of 1-d4 (Figures 2.2c-d) also exhibit spin-phonon couplings 
similar to those of 1, suggesting that deuteration of the water ligands in 1-d4 does not 
significantly alter magnetic peaks, phonons or their couplings in this region (110-140 
cm-1).  
In Raman spectra of 1-d18 (Figures 2.2e-f), further deuteration has shifted many 
phonons compared to those of 1/1-d4. Phonon A and magnetic peak B appear to be 
coupled more strongly in 1-d18 than in 1/1-d4, such that both coupled peaks are 
observed at 0 T. With an applied field, A shifts to higher energy, eventually residing at 
115 cm-1 by 6 T. B loses intensity as it shifts at the rate of 0.95 cm-1/T and vanishes by 
4 T, as there are no additional g phonons to couple with at 120-140 cm-1 and 4-14 T 
(Figure 2.2e). 
Raman peak positions in magnetic fields in Figures 2.2a-f are listed in Table A.2 
in Appendix A. The phonons that are coupled with the ZFS peak at 0 T, forming peaks A 




2.3.3. Spin-Phonon Couplings and a Vibronic Model for the Raman Spectra 
The following vibronic model was created and utilized by Drs. Mihail Atanasov, 
Eckhard Bill and Frank Neese. 
The field-driven avoided crossings in the Raman spectra can be characterized by 
Figure 2.3.68 A simplified Hamiltonian for the coupling between magnetic |ϕj⟩ and 
phonon |n⟩ states (Figure 2.3f) is given by the 2  2 matrix in Eq. 1.9. The energy gap 
between the two excited states Eph - Esp is δ (Figure 2.3) which is not explicitly included 
in Eq. 1.9.  
Upon coupling, |Ψ+⟩ shifts to higher E+ while |Ψ-⟩ shifts to lower E-, as shown in 
Figure 2.3f.68 For example, both states |Ψ±⟩, giving rise to peaks A and B in the Raman 
spectra of 1-d18 at 0 T (Figures 2.2e-f), contain magnetic and phonon features (Figure 
2.3). Since the phonon here is Raman-active, the phonon portions of both A and B 
make the two peaks observable in the Raman spectra. 
Eqs. 1.9-1.10 provide a model to understand the spin-phonon couplings in the 
Raman spectra (Figures 2.2a-f) and calculate the coupling constants, as discussed 
below. However, it should be pointed out that for the Hamiltonian in Eq. 1.9, vibronic 
coupling in the ground KD is neglected. In principle, however, both the ground and 
excited KD states are involved in a transition, each having a spin and vibrational 
substate, which all may interact with each other. Thus, a more complete Hamiltonian 
should be at least a 6  6, or better, an 8  8 matrix. In contrast, Eq. 1.9 assumes that 
the ground KD state is not involved in spin-phonon coupling. In addition, this simple 
model assumes weak spin-phonon couplings. Therefore, terms higher than single 
phonon excitations are neglected. A more precise vibronic model for the spin-phonon 
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couplings is presented in the following Experimental section and Appendix A (with 
Figures A.2-A.3) and will be discussed below. Lastly, this model only considers coupling 
between the magnetic transition and one phonon, typically the phonon closest in energy 
to the ZFS transition. However, other distant g phonons may also be coupled to the 
magnetic transition, although weakly, thus taking the magnetic feature away. 
 Using Eq. 1.10 to fit the spin-phonon couplings in Figures 2.2a-f yields the 
coupling constants Λ for each avoided crossing (Figure 2.4). Λ corresponds to roughly 
half the distance between the peaks at their closest positions. The larger the coupling 
constant, the greater their repulsion (Figure 2.4). 
  We have developed a more detailed vibronic model to quantify the spin-phonon 
couplings in Figure 2.4. Complex 1 possesses a large rhombicity E/D. Parameters of 
the vibronic coupling model, extracted from the experimental field-dependent Raman 
spectra, turn out to be rather insensitive to the E/D ratio (Table A.1). Thus, we base 
qualitative discussions using our model on E = 0. Magnetic-field-dependent Raman 
spectra of 1 (Figures 2.2a-b) consist of five branches A-E. For branches C-E, the 
regions at low and high fields show almost no field dependence. While not observed at 
low fields, B displays no field dependence at high field. A and C-E correspond to 
vibrations ħω0-3 with estimated zero-field energies of 116, 125, 128 and 139 cm-1. At 
intermediate magnetic fields, branches B-D display the slope of a magnetic-field-
induced spin-transition as avoided crossings. There are three avoided crossing points 
between B-C, C-D and D-E at 7.64, 9.43 and 17.54 T with energies 125.05, 127.99 and 
138.71 cm-1, respectively. Here, magnetic excitations from the ground into the excited 





Figure 2.4. Peak positions vs. magnetic fields for selected transitions in the Raman 
spectra. (a) 1; (b) 1-d4; (c) 1-d18. The solid lines are fittings using Eq. 1.10, giving the 


































































































magnetic excitations increase with field and cross the three different vibrational levels (0 
T) at ħω1 = 125 (C), ħω2 = 128 (D) and ħω3 = 139 (E) cm-1. ħω1-3 are energies at the 
crossing points [1/2(Esp + Eph), Eq. 1.10] from the B-C, C-D and D-E couplings, 
respectively. Figure 2.5 displays simulations of the Raman transitions in the B||z field. 
The B||x and B||y field directions were fitted as well, but neither was a close match to 
the experimental results (Figure A.2 in Appendix A). Analyses of the field-dependent 
Raman peaks were performed to potentially determine E/D. However, results of the 
analyses indicate that the derived parameters (Table A.1) are mostly insensitive to E/D. 
Discussions of the mechanism of the intensities in the field-dependent Raman spectra 
are given in Appendix A and Figures A.4-A.5. 
To the best of our knowledge, these are the first direct observation of spin-
phonon couplings (as avoided crossings) in Raman spectra of a molecular compound 
and their quantification. Brinzari and coworkers have studied ferromagnetic, MOF 
(metal-organic framework)-like Co[N(CN)2]2 and also found a phonon-coupled, field-
dependent transition in Raman spectra.69 
 
2.3.4. Spin-Phonon Couplings in Far-IR Spectroscopy 
As discussed earlier,4,14-15 transitions between the two KDs are in general 
magnetic dipole-allowed and therefore are potentially far-IR active. For the spin-phonon 
coupled states of 1, 1-d4 and 1-d18 in Figure 2.3, the magnetic features of the transitions 
are far-IR active. In a diffuse reflectance measurement of a single crystal of 1-d4 (Figure 
2.6), the most significant difference between spectra of 0 and 16 T fields is a loss in 




Figure 2.5. Simulated (solid lines) and experimental (circles) positions of field-
dependent (B||z) Raman transitions corresponding to peaks B (red), C (blue) and D 
(green) of 1. gz = 1.49, ħω1 = 125.4 cm-1, ħω2 = 128.1 cm-1, ħω3 = 139.5 cm-1 (not 
shown); E1 = 1.14 cm-1, E2 = 0.88 cm-1, E3 = 2.66 cm-1 [E/D = 0.17 (ORCA NEVPT2); 
2D' = 115 cm-1]. E1, E2 and E3 from the vibronic calculations are the coupling constants 
Λ1, Λ2 and Λ3, respectively, in Eq. 1.9 for the interaction with the ħω1, ħω2 and ħω3 
modes. Simulated and experimental positions of field-dependent (B||x and B||y) Raman 


































Figure 2.6. Far-IR reflectance spectra of 1-d4. (a) Reflectance spectra (Bottom, 0 T-blue 
and 16 T-red) and normalized (by the 0 T) reflectance spectra (Top) by a single crystal 
of 1-d4, in which the ZFS transition is more visible as it shifts with field at 2, 4, 6, 8, 10, 
12, 14 and 16 T. (b) Contour plot of the normalized reflectance spectra (by the average 
of all spectra) which shows the ZFS transitions and the magnetic features of spin-



































































































the 0 T spectrum to remove field-independent absorptions) reveals additional details 
(Figure 2.6a) which are further enhanced in a color-coded contour plot (Figure 2.6b).  
The most remarkable feature is a (weak) field-dependent absorption, moving 
from 114 cm-1 at 0 T to ~150 cm-1 at 16 T (trace 1, Figure 2.6b). The shift rate of 2.25 
cm-1/T reveals a difference (or sum) of g' values of the initial and final levels of Δg' ≈ 4.8. 
From a comparison with the principal g' values obtained from the previous spin-
Hamiltonian parametrization for 146 [g'i(1,2) = 2.65, 6.95, 1.83 for ϕ1,2 of the lower KD 
and g'i(3,4) = 2.34, 1.80, 6.63 for ϕ3,4 of the excited KD], we can infer in first order that 
the main observed field-dependent IR-peak (trace 1) may be from one of two possible 
transitions. The first is the ϕ10⟩  ϕ30⟩ transition with the field in y-direction (Δg' = 6.95 
-1.80 = 5.15; green line II in Figure 2.7b); The second is the ϕ10⟩  ϕ40⟩ transition with 
the field in x-direction (sum of g' values: 2.65 + 2.34 = 4.99; red line I in Figure 2.7b). (At 
5 K for the far-IR studies, only the ϕ10⟩ should be thermally populated, at least for 
moderate to strong fields.) Corresponding simulations, using the full spin-Hamiltonian (S 
= 3/2) for the three principal field orientations (B||x, B||y, B||z) and for both magnetic 
transitions to the excited KD, are given in Figure 2.7. If trace 1 is the ϕ10⟩  ϕ30⟩ 
transition (green line II in Figure 2.7b) with the field in y-direction (first possible transition 
above), another transition (green line I) to the right of trace 1 would be expected. 
However, no such trace is obvious in Figure 2.6b, suggesting that trace 1 is unlikely the 
ϕ10⟩  ϕ30⟩ transition with the field in y-direction. If trace 1 is the ϕ10⟩  ϕ40⟩ 
transition (red line I in Figure 2.7b) with the field in x-direction (second possible 
transition above), the ϕ10⟩  ϕ30⟩ transition in x-direction (red line II in Figure 2.7b) to 
the left of trace 1 in Figure 2.6b is expected. Such behavior can be explained by the  
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Figure 2.7. Simulated inter-KD, magnetic dipole-allowed transitions and their field 
dependence (a) Simulated inter-KD, magnetic dipole-allowed transitions for the S = 3/2, 
spin-only Hamiltonian description of 1. Single-crystal spectra for fields of 5 T in x, y, z 
directions at 1.7 K are shown in red, green, and blue. The powder average is given in 
black. Vibronic coupling was ignored. Spin-Hamiltonian parameters are taken from 
Ref. 46: D = 50.2 cm-1, E/D = 0.31, gx = 2.50, gy = 2.57, gz = 2.40 (corresponding g'-
values for ground and excited KDs: g'i (1) = 2.65, 6.95, 1.83; and g'i (2) = 2.34, 1.80, 
6.63, respectively). The dominant pairs of left and right lines found for the single-crystal 
orientations (in blue, green, red) correspond to the dominant ϕ1|0⟩  ϕ3|0⟩ and ϕ1|0⟩  
ϕ4|0⟩ transitions, respectively. (b) Field dependence of the inter-KD spectra for fields in 
x, y, z directions. 
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difference in the effective g values, Δg' = 2.65 - 2.34 = 0.31, which is still positive. In 
fact, traces 1 and 2 in Figure 2.6b are consistent with the analysis. Starting around 114 
cm-1 at B = 0, traces 1 and 2 are the ϕ10⟩  ϕ40⟩ (red line I) and ϕ10⟩  ϕ30⟩ (red line 
II) transitions, respectively. However, it should be noted that any such assignment is a 
simplification when the crystal orientation is not known, because other, off-axis 
orientations of the field may yield similar results. 
Spin-phonon coupling, which was not included in the above analysis of Figure 
2.6, should not change the general picture. However, it may explain the ‘gaps’ observed 
in the field-dependence of the ϕ10⟩  ϕ40⟩ transition (trace 1). We suggest that the 
mixing of the ϕ40⟩ state with IR-silent g phonons at the points of the avoided crossings 
reduces the absorption probability by 50%. As a result, rather sharp, distinct gaps occur 
for the magnetic transition (trace 1) at the phonon energies, as nicely observed around 
ħω1 = 125, ħω2 = 128 and ħω3 = 139 cm-1, which have been assigned above to the g 
phonon peaks C, D, and E in the Raman spectra (Figures 2.2c-d). 
Simulations in Figure 2.7 support the analysis discussed earlier that both ϕ1  ϕ3 
and ϕ1  ϕ4 inter-KD transitions in 1 are magnetic dipole-allowed and are expected to 
be observable in far-IR. The two transitions, each in the x, y, z directions inside 
magnetic fields, lead to the expected shifting patterns of the six lines in Figure 2.7b. 
Most lines, except one, are blue-shifted to higher energies (Figure 2.7a). Thus, average 
far-IR spectra of a powder sample of 1 are expected to be blue-shifted and reveal the 
magnetic features of the spin-phonon coupled peaks. Indeed, the transmittance far-IR 
spectra of 1 (Figures A.6a-b and A.7 in Appendix A) show these features, except that 
the coupled peaks are not resolved as in the Raman spectra (Figures 2.2a-b). The far-
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IR transmittance spectra of a powder sample of 1-d4 (Figures A.6c-d and A.8 in 
Appendix A) are also consistent with the spin-phonon coupling and features of the far-IR 
spectra of the single crystal of 1-d4 (Figure 2.6). Far-IR transmittance of 1-d18 reveals 
similar features in Figures A.6e-f and A.9 in Appendix A. 
Additional discussions of the far-IR spectra are given in Appendix A. In the far-IR 
spectra of 1-d4, there are four u phonons between 115 and 143 cm-1. No observed 
coupling between these u phonons and the ZFS peak is found in far-IR spectra. 
The results here from the Raman and far-IR spectroscopies show that only the 
couplings of the ZFS transition to the g phonons in 1, 1-d4 and 1-d18 are observed in 
Raman spectra. Far-IR spectra in the current work do not reveal couplings to the u 
phonons. 1-d18 has recently been studied by INS, which directly measured both the 
inter-KD (MS = 1/2  3/2) and intra-KD (MS = -1/2  +1/2) transitions (see Figure 
2.8).70 This work indicates that 1 is indeed a positive D system, although with such a 
significant rhombic term, the transition may be allowed with a negative D term as well. 
The INS results cite the observation of the 114 cm-1 peak by DCS with a 10 T magnet 
(presented in the SI of Ref. 70). However, the signal/noise ration prevents conclusive 
assignment of this mode, as the error is quite large. Nevertheless, the INS results agree 
well with the reported far-IR and Raman results, demonstrating that all three methods 
are useful for studying SMMs. Unfortunately, INS did not reveal any spin-phonon 
couplings as were seen in far-IR and Raman. Work on the transition matrix in the future 
may provide an understanding. It should be noted, however, that pattern of the 
couplings is limited to the current complexes. Additional work on other complexes, 




Figure 2.8. INS spectra of 1-d18 collected at the Disk Chopper Spectrometer (DCS) at 
NIST. (Left) Intra-KD transition (MS = -1/2  +1/2) originating from 0 cm-1. (Right) Inter-




























































understanding of the couplings. 
 
2.3.5. Periodic DFT Phonon Calculations and Comparisons with Experiments 
This section was performed by Shelby E. Stavretis and is included for a complete 
understanding of the work.71 
Phonon modes for C2h 1-d4 and 1-d18 are calculated by VASP (Tables A.2-A.3) 
and show atomic displacements with contributions from both external (lattice) and 
internal modes. In the region of interest here, ~115 cm-1, vibrations are not localized but 
involve atomic displacements of the whole molecule. The modes with the largest spin-
phonon coupling constant Λ, E of 1/1-d4 and A of 1-d18, have greatly mismatched 
vector magnitudes of the equatorial O atoms, leading to a larger net change in this bond 
angle. These vibrations significantly distort the first coordination sphere and perhaps 
lead to the larger Λ. Therefore, we rationalize that, if these phonons are involved in 
magnetic relaxation, the O-Co-O equatorial-bond-angle distortion plays a key role in the 
spin reversal. These spin changes of the excited KD is of prime importance for the 
magnetic relaxation at elevated temperatures where the excited KD is populated. 
Likewise, low-energy phonons (not included in Tables A.2-A.3) are responsible for the 
low-temperature shortcut of the relaxation time. These effects are beyond the scope of 
the present work. Modes C and D in 1-d4 have less distortion of the O-Co-O equatorial 
bond angle and therefore, we reason, do not couple as strongly with spin. These 
findings are in line with recent calculations of spin-phonon couplings in [(tpaPh)Fe]- 
[H3tpaPh = tris((5-phenyl-1H-pyrrol-2-yl)methyl)amine] by Lunghi and coworkers 
demonstrating that the vibrations perturbing the bending angle of the equatorial N atoms 
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coordinated to the Fe(II) ion are strongly coupled to the spin.61  
 Additional results of the phonon calculations, including distortion of the O-Co-O 
bond angle in the equatorial plane compared with the spin-phonon coupling constants 
Λ (Table A.6), are given in Figures A.10-A.11 with further discussion in Appendix A.  
 
2.3.6. Origin of ZFS in 1 Analyzed by Ab initio Calculations 
The following calculations were performed by Drs. Mihail Atanasov, Eckhard Bill 
and Frank Neese. 
Although 1 has been studied as a model complex,46,72-73 its ZFS origin is not 
clear. Electronic structure of 1 has been reconsidered using multireference ab initio 
calculations in close relation and comparison with two basic experimental studies,46,73 
including the single-crystal EPR work by Bencini and coworkers,73 in order to probe the 
origin. Lohr and coworkers have calculated the electronic structure of 1 with descending 
crystal field symmetry from octahedral to orthorhombic and used the results to obtain 
magnetic properties.72 Details of the current electronic structure calculations and 
comparisons with experimental results are given in Figures A.12-A.16, Tables A.7-A.8 
and further discussions in Appendix A. 
According to the orbital energy diagram, dx’z’,y’z’ < dx’2-x’2 (Figure A.14), the 4T1g 
state of a high-spin octahedral Co(II) complex undergoes a D4h splitting into an 4A2g 
ground state and an 4Eg excited state. When the symmetry is lowered to D2h and C2h, 
4Eg (D4h) state undergoes further splitting. Energies of all ten S = 3/2 states and the 
effect of symmetry lowering are listed in Table A.7. The sublevels of 4T1g are well 
separated from the excited 4T2g levels with the overall splitting of the 4T1g level about 
49 
 
twice the effective Co(II) spin-orbit coupling (SOC) parameter (530 cm-1). 
Ab initio NEVPT2 calculations indicate that the splitting between the two KDs is 
169.8 cm-1, with the SOC-excited states stemming from the 4Eg levels to be at 884.1, 
1144.7, 1481.9 and 1616.2 cm-1, showing that there are no other excited states in the 
vicinity of the lowest excited level at 169.8 cm-1. The computed gx', gy' and gz' values of 
the lowest KD are 6.846, 3.745 and 1.864, respectively. 
From the D eigenvalues, we deduce D and E, D = 3/2 Dzz = 81.4 E = (Dxx - Dyy)/2 
= 14 cm-1 and E/D = 0.17. At the temperatures available to probe the magnetic 
properties by magnetic susceptibility, field-dependent magnetization and EPR, there is 
no appreciable population of the lowest excited KD state. 
High-quality EPR spectra have been deduced from a single-crystal, X-band study 
reporting g values of 2.74, 6.84 and 1.88.73 They compare in magnitude and direction 
well with the computed results (vide supra). Parameters of the spin-Hamiltonian 
deduced from an interpretation of both the low-temperature magnetic data and the EPR 
spectra have been used to deduce the principal values of the gyromagnetic tensor and 
the zero-field splitting:46 D = 57.0, E/D = 0.31, gx = 2.50, gy = 2.57, gz = 2.40 and gx' = 
2.65, gy' = 6.95, gz' = 1.83. They are again compatible with the computed results in 
Table A.8. 
Current studies spectroscopically reveal and quantitate the spin-phonon 
couplings in a typical Kramers complex. These studies offer a unique look at how 
spectroscopies can be utilized to study spin-phonon couplings in molecular complexes. 
The work here provides a rare case to compare Raman and far-IR spectroscopies and 
shows how the two, working together with ab initio and periodic DFT phonon 
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calculations, reveal the spin-phonon couplings. In addition, the vibronic model 
developed to understand the Raman data sheds light on the origin of spin-phonon 
entanglement. At different external magnetic fields, the ZFS peak couples to different 
phonons. The spectroscopies at magnetic fields >14 T may reveal further couplings of 
the ZFS transition with other phonons not observed in the current work. These 
experiments confirm the importance of obtaining spin-phonon coupling constants to 
understand how the lattice promotes relaxation at elevated temperatures. Importantly, 
spin-phonon coupling is not exclusively a phenomenon in SMMs, but is observed in a 
variety of magnetic materials.  
 We expect that the Raman and far-IR spectroscopies could be used to probe f-
complexes and d-complexes with the first-order orbital momentum. Electric dipole or 
magnetic dipole transitions between states may be observed in far-IR, IR or UV-visible 
spectroscopies.20 SOC is generally larger than the effect of the crystal field for f-
complexes.74 States in f-complexes thus have both orbital and spin features as a result 
of the coupling. Transitions between these states are thus also Raman-active, following 
the electronic Raman selection rules (ΔJ  2, ΔL  2, ΔS = 0).30 This is in contrast to the 
current work on a d-complex with quenched first-order orbital angular momentum, 
where the Raman peaks are phonon parts of spin-phonon coupled peaks and the spin 
parts are from the ZFS transition.  
 
2.4. Experimental 
2.4.1. Synthesis of 1, 1-d4 and 1-d18 
Complex 1 was synthesized according to the method of Ellern and coworkers75 
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by dissolving the anhydrous tetramer Co(acac)2 in dimethylformamide (DMF) and 
adding excess H2O to the dark purple solution. The solution lightened and pinkish-
orange crystals formed. Replacing H2O with D2O yielded the partially deuterated 
compound 1-d4. Larger crystals were obtained when less H2O/D2O was used and 
allowed to crystallize at -35 °C.  
Deuterated acetylacetone was prepared by the method of Frediani et al.66 
Acetylacetone (10 mL, 9.8 g, 0.098 mol) was added to 100 g of D2O and 1 g of K2CO3 
into a Schlenk flask under nitrogen gas. The solution was refluxed under nitrogen 
overnight at 120 °C. After cooling the solution to room temperature, the organic product, 
deuterated acetylacetone, was extracted from the aqueous layer twice using CH2Cl2. 
Solvent was then removed in vacuo until a volume of approximately 10 mL was 
obtained. The process was repeated on the liquid product a second time with another 
100 g of D2O to give acetylacetone-d8. Deuteration level was analyzed using DART 
(Direct Analysis in Real Time) mass spectrometry (91% D; 100% yield). 
Co(acac-d7)2(D2O)2 (1-d18) was synthesized by mixing D2O (20 mL, 22 g, 1.1 
mol), acetylacetone-d8 (2.5 mL, 2.4 g, 22 mmol) and CoCl2 (0.30 g, 2.3 mmol). K2CO3 
(3.12 g) was qualitatively added to dissolve the acetylacetone-d8 sample until traces of 
an amorphous solid began to precipitate. The solution was filtered, followed by further 
addition of K2CO3 until polycrystalline 1-d18 formed. The mixture was filtered and 
washed with D2O to give 1-d18 (0.45 g, 62% yield based on CoCl2). 
 
2.4.2. Far-IR and Raman Magneto Spectroscopies 
Far-IR and Raman spectroscopic studies were conducted at the National High 
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Magnetic Field Laboratory (NHMFL) at Florida State University. For reflectance far-IR 
spectra of 1-d4, an unoriented single crystal was used. For transmittance far-IR spectra, 
the powdered samples were mixed with eicosane and pressed into pellets that were 
approximately 1 mm thick. Spectra were collected at 5 K using a Bruker Vertex 80v FT-
IR spectrometer coupled with a superconducting magnet (SCM) with fields up to 17.5 T.  
Raman samples were prepared with unoriented single crystals of 1 and 1-d4 and 
powders of 1-d18. Data were collected by a backscattering Faraday geometry using a 
532 nm laser at a 14 T SCM in the Electron Magnetic Resonance (EMR) facility and an 
18 T SCM in the DC Field facility. Crystals of samples were cooled at 5 K (14 T) and 1.5 
K (18 T). Collected scattered light was guided via an optical fiber to a spectrometer 
equipped with a liquid-nitrogen-cooled charge-coupled device (CCD) camera. 
 
2.4.3. Vibronic Model for Magneto-Raman Spectra of 1 
The vibronic coupling model here, an extension of that in Ref. 25 applied for a 
single mode, accounts for three intervening vibrations coupling to the MS = 1/2, 3/2 
sublevels of S = 3/2 spin. The Hamiltonian of the spin-phonon coupled system of a spin 
(S) with three vibrations is composed of three terms representing the spin (?̂?𝑆), the 
phonons (?̂?𝑣𝑖𝑏) and the spin phonon coupling (?̂?𝑆−𝑣𝑖𝑏): 
 
?̂?𝑒𝑓𝑓 = ?̂?𝑆 + ?̂?𝑣𝑖𝑏 + ?̂?𝑆−𝑣𝑖𝑏       (Eq. 2.1) 
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For the three vibrations (i = 1,2,3): 
 











2 − 5/4) 
 
With |MS = ±3/2⟩ and |MS = ±1/2⟩ as the basis functions for the spin-sublevels of 
the S = 3/2 spin and 𝜒𝑛𝑖(𝑄𝑖), i = 1, 2, 3 as the harmonic oscillator wavefunctions for the 
three interacting modes, the spin-phonon wavefunction |𝛹𝑆−𝑣𝑖𝑏⟩ can be expanded into a 
series of products as spin-sublevels and the three vibrational functions: 
 




Under the assumption of a weak spin-phonon coupling, one can restrict the calculations 
to the ground and lowest phonon excited states: ni = 0,1 leading to the following set 















     (Eq. 2.5.2) 
)0,0,0,2/1()()()(2/1 302010 QQQ       (Eq. 2.5.3) 
)0,0,0,2/1()()()(2/1 302010  QQQ       (Eq. 2.5.4) 
)0,0,0,2/3()()()(2/3 302010  QQQ       (Eq. 2.5.5) 
)0,0,1,2/3()()()(2/3 302011 QQQ        (Eq. 2.5.6) 
)0,0,1,2/1()()()(2/1 302011 QQQ       (Eq. 2.5.7) 
)0,0,1,2/1()()()(2/1 302011  QQQ       (Eq. 2.5.8) 
)0,0,1,2/3()()()(2/3 302011  QQQ       (Eq. 2.5.9) 
)0,1,0,2/3()()()(2/3 302110 QQQ       (Eq. 2.5.10) 
)0,1,0,2/1()()()(2/1 302110 QQQ       (Eq. 2.5.11) 
)0,1,0,2/1()()()(2/1 302110  QQQ       (Eq. 2.5.12) 
)0,1,0,2/3()()()(2/3 302110  QQQ       (Eq. 2.5.13) 
)1,0,0,2/3()()()(2/3 312010 QQQ       (Eq. 2.5.14) 
)1,0,0,2/1()()()(2/1 312010 QQQ       (Eq. 2.5.15) 
)1,0,0,2/1()()()(2/1 312010  QQQ       (Eq. 2.5.16) 
)1,0,0,2/3()()()(2/3 312010  QQQ       (Eq. 2.5.17) 
Within this basis, the non-vanishing matrix elements of the spin-phonon coupling 
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Hamiltonian are given by: 
 








3 22                    (Eq. 2.6) 
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      (Eq. 2.8) 
 
resulting in Eqs. A.4-A.6. 
 
2.4.4. Calculations of the Electronic Structure in 1  
The geometry of the first coordination sphere of a Co(II) ion, including only the 
donor oxygen atoms is D4h, represents a tetragonally elongated octahedron with two 
axial Co-O bonds to two water molecules (2.199 Å) and four equatorial Co-O bonds 
(2.05 Å) to two acac ligands. The crystallographic symmetry is C2h (Figure A.12 in 
Appendix A). For SH parameters from ab initio NEVPT2 calculations, SOC, along with 
quasi-degenerate perturbation theory accounted for using all 10 S = 3/2 and 40 S = 1/2 
non-relativistic states (roots) of the d7 Co(II) configuration, was used to compute the 
ground and excited magnetic sublevels and to access the parameters of the SH in Eq. 
1.1. The ground 4Ag state splits into two sublevels, 169.8 cm-1 apart from each other, 
which in the approximation of an axial system would yield D = 84.9 cm-1. 
Diagonalization of the ZFS and the g-tensor yields eigenvalues and eigenvectors listed 








Spectroscopic Studies of the Magnetic 
Excitation and Spin-Phonon Couplings in the 
Single-Molecule Magnet Co(12-crown-4)2(I3)2 
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This author performed the far-IR and Raman studies and the spin-phonon fittings of far-
IR spectra. Magnetic field-dependent INS spectra were originally published in the Ph.D. 
dissertation of Shelby E. Stavretis, and are included in this chapter with permission to 





Large ground-excited magnetic separations in single-molecule magnets (SMMs) 
are desirable to reduce spin reversals in the molecules. Spin-phonon coupling is a 
process leading to magnetic relaxation in SMMs. Both the reversals and coupling, 
making SMMs lose their magnetic excitations, are undesirable. However, direct 
experimental determination of large magnetic separations (>45 cm-1) is challenging, and 
few detailed investigations of the spin-phonon coupling have been conducted. Here, we 
report studies of the magnetic excitation and spin-phonon couplings in SMM 
[Co(12-crown-4)2](I3)2∙(12-crown-4) (2) by far-IR spectroscopy. This method reveals and 
quantifies rarely observed couplings of IR-active phonons with the excited magnetic 
level, with coupling constants of 1.7-2.5 cm-1. Results are compared with concurrent 
inelastic neutron scattering (INS) work. The current work spectroscopically determines 
the ground-excited magnetic separation in an SMM and quantifies its spin-phonon, 
shedding light on the cause of spin-phonon entanglements. 
 
3.2. Introduction 
Separations between ground and excited magnetic states in paramagnetic 
transition-metal complexes with quenched orbital angular momenta are a result of zero-
field splittings (ZFS) in the compounds.5 Axial (D) and rhombic (E) ZFS parameters are 
measures of the magnetic anisotropy. Their determination is vital to understanding 
anisotropy and properties of single-molecule magnets (SMMs).1,4-5,35-39,43-45,74,76-80 
Magnetometry has been widely employed to estimate the ZFS in SMMs.5 However, it 
often leads to an unequivocal determination of the ZFS, as magnetometry is essentially 
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a multi-parameter fit of susceptibility data by the spin-Hamiltonian. Also, the sign of D 
may not be accurately determined. Resonance techniques, such as electron 
paramagnetic resonance (EPR), are powerful tools which have been widely used to 
study SMMs.5,81 EPR is an accurate way to extract ZFS values. However, this method is 
typically limited by frequencies of conventional X- or Q-band EPR up to 1.2 cm-1. For 
larger ZFS up to ~33 cm-1 (1 THz), use of high-frequency, high-field EPR (HF-EPR) is 
needed.5,82 Frequency-domain magnetic resonance (FDMR) spectroscopy has also 
been developed to sweep the microwave (sub-THz or THz) frequencies in zero field (vs. 
sweeping the field in EPR experiments). This technique is typically limited to measuring 
separations <48 cm-1.5,11-12,14 Far-IR spectroscopy under applied magnetic fields is a 
direct technique to probe transitions between the ZFS states in transition metal 
complexes and magnetic transitions in f-element complexes.5,24-25,27-28,50-51,83 Brackett 
and Richards showed earlier that transitions between ZFS states are magnetic dipole-
allowed and thus observable in far-IR spectroscopy.14-15 Using far-IR, the sample was 
placed in variable magnetic fields while its far-IR spectra were collected. Zeeman effect 
on the magnetic levels helps reveal the magnetic transition when it overlaps with 
phonon peaks. Far-IR spectroscopy is generally employed to probe magnetic 
excitations in SMMs unreachable by HF-EPR.  
Spin-phonon coupling has been probed in SMMs as a mechanism of spin 
relaxation.1,5,35-36 Rechkemmer et al. have observed two field-dependent peaks in far-IR 
spectra of a Co(II) complex (idealized D2d symmetry) which are attributed to be the 
result of spin-phonon coupling.25 As discussed in Chapter 2, we have recently reported, 
in SMM Co(acac)2(H2O)2 (C2h symmetry) and its isotopologues, distinct couplings of 
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Raman-active g phonons with the magnetic ZFS transition as avoided crossings in 
Raman spectroscopy with coupling constants of 1-2 cm-1.31 The nature of spin-phonon 
couplings in molecular complexes is still not well understood and, other than 
Co(acac)2(H2O)2 and isotopologues,31 there has been no report of the magnitude of the 
couplings. Theoretical studies have been performed recently to understand the 
interactions between electron spins and phonons, leading to relaxations in SMMs.61-63 
[Co(12C4)2](I3)2∙(12C4) (12C4 = 12-crown-4) (2) has been reported to exhibit 
slow magnetic relaxation.82 This compound with easy axial anisotropy (D < 0) is the first 
eight-coordinate SMM.82 DC magnetic susceptibility data were initially fit to yield D 
= -37.6 and E = 0.1 cm-1.82 Following this, field-dependent magnetization studies at 
applied magnetic fields of 1-7 T at 1.8-5.0 K gave D = -38.0 cm-1 and E = -0.75 cm-1. 
HF-EPR spectra of 2 between 100 and 700 GHz (3.3 and 23.3 cm-1) with magnetic 
fields from 0 to 25 T82 were silent, and thus consistent with the easy axial anisotropy (D 
< 0) in 2, as the intra-KD transition between the MS = -3/2 and +3/2 states is forbidden 
(ΔMS = 3). The ZFS parameters were also calculated using the CASPT2 method to yield 
D = -70.1 and E = 1.05 cm-1. The calculations linked these large (negative) D values 
with key angles in the molecular structure of 2.84 AC magnetic susceptibility 
measurements provided an effective barrier Ueff = 17.0 cm-1.82 
We have studied the magnetic excitation in [Co(12C4)2](I3)2∙(12C4) (2) by a 
combination of INS and far-IR spectroscopies inside magnetic fields, giving a precise 
determination of the excited magnetic (KD) level MS = 1/2 and the 2D [D = (D2 + 
3E2)1/2] value. Far-IR of 2 reveals distinct spin-phonon couplings between IR-active 
phonons and the MS = -1/2  +3/2 transition as rarely observed avoided crossings. 
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Unlike the spin-phonon couplings by the Raman-active g phonons in Co(acac)2(H2O)2, 
the spin-phonon couplings in 2 here involve only IR-active phonons. No couplings by 
Raman-active phonons in 2 are observed. 
 
3.3. Results and Discussion 
Phonons here refer to vibrations of molecular solids. Phonon modes in which the 
molecules vibrate primarily as a whole with little internal distortion, i.e., lattice vibrations, 
are often characterized as external modes.85 Significant distortions of atoms that 
comprise a part of the molecule with a small displacement of the molecular center-of-
mass are often called internal modes or commonly known as molecular vibrations.86 
However, all modes are essentially mixed, as the internal and external modes originate 
from the same governing equations and have the same mathematical 
representations.85-86 Thus, we do not distinguish external and internal modes in the 
current work and refer to all vibrations as phonons. 
The structure of the cation in 2 is shown in Figure 3.1-Left. The molecular z-axis 
is pointed nearly along the crystallographic reciprocal c* axis. The ZFS diagram, for this 
S = 3/2, D < 0 system under the perturbation of D4d field is shown in Figure 3.1-Right. 
 
3.3.1. Far-IR and Raman Spectra inside Magnetic Fields.  
We have directly investigated the magnetic origin of the ZFS peak (2D) in 2 
using far-IR spectroscopy coupled with magnetic fields at 5 K. This method has been 
utilized to view magnetic transitions.5,23-25,50 Using far-IR transmittance of a powder 




Figure 3.1. (Left) Structure of the cation in 2, [Co(12C4)2]2+, showing the molecular z-
axis indicated by the black arrow. Atom labels are cobalt (blue), oxygen (red) and 
carbon (gray). Hydrogen atoms are omitted for clarity. The symmetry around the Co(II) 
ion is approximately D4d. (Right) Ground-state quartet levels in high-spin, d7 complexes 
with D4d symmetry. Under magnetic fields, the Kramers doublets split based on the 
Zeeman effect, leading to the presence of the MS = -3/2  -1/2 and MS = +3/2  +1/2 





Figure 3.2. (a) Far-IR transmittance of 2 using a powder sample: 0 T (black) and 17 T 
(red). Black arrow indicates the origin of the ZFS peak. (b) Contour plot of normalized 
(by average) reflectance far-IR spectra showing multiple avoided crossings. Far-IR 
reflectance spectra and a photo of the crystal used are both found in Figure B.1. (c-d) 
Contour plot of normalized (by average) transmittance far-IR with fittings illustrating two 
shifting peaks, one fast (c) and one slow (d). All spectra are taken in field increments of 
1 T up to 17 T. Letter labels in both spectra indicate 0 T positions of far-IR-active 
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 50 cm-1 shifts to higher energies with applied field. This mode is exceedingly weak, and 
cannot be viewed in the raw transmission spectra (Figure 3.2a). Only by normalizing the 
spectra by the average across all fields (TB / TAVG, Figure 3.2c) is the shift of this mode 
revealed. Upon inspection of the contour plot in Figure 3.2c, there are multiple vertical 
red-orange lines corresponding to changes in the intensity of each phonon (labeled A-
H), indicating coupling with the magnetic peak in the form of avoided crossings. The 
fitting of these lines is described below. 
Reflectance far-IR spectra (Figures 3.2b and B.1-Bottom) using a single crystal 
oriented in the Voigt geometry relative to the magnetic field (photo of the crystal on the 
sample holder in Figure B.1-Top in Appendix B)26 show similar results such as the spin-
phonon couplings of the blue-shifting transition as avoided crossings. Additionally, the 
reflectance spectra reveal the presence of a weak red-shifting peak that is visible up to 
8 T, where it has an avoided crossing with phonon A at 44 cm-1. We are attributing this 
peak to the MS = +3/2  +1/2 transition (Figure 3.1-Right), which is expected to red-
shift with field. Due to the increasing energy of the MS = +3/2 state with applied field, it is 
expected that any transition stemming from this state gradually disappears with 
increasing field due to the decreasing Boltzmann distribution at the MS = +3/2 state. 
ZFS transitions between KDs in 2 (e.g., MS = -3/2  -1/2 and MS = +3/2  +1/2) 
are magnetic dipole-allowed by symmetry and selection rules (ΔMS = 0, 1), as Brackett 
and Richards have shown.14-15 In D4d local symmetry around the Co(II) ion, the 
magnetic dipole moment operators have the E3 and A2 symmetries as the rotations (Rx, 
Ry) and Rz. In the double group D4d′, MS = ±3/2 and ±1/2 KDs are represented by E3/2 
and E1/2, respectively (Tables F.4 and F.5 for the D4d’ and D4’ double group tables, 
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respectively).32-33,67 Thus, both ZFS transitions are far-IR active.4,14-15 
In the transmittance far-IR spectra of the powder sample (Figure 3.2), the 
magnetic peak is clearly involved in several avoided crossings with nearby phonons, 
making it difficult to locate the exact positions of the magnetic peak. The ZFS peak 
occupies the same area as, and is likely coupled to, a phonon at 51 cm-1 at zero field. 
However, the fit just discussed does not include this phonon as there is no visible 
avoided crossing. The ZFS transition does not appear to have visible intensity in far-IR, 
which is not surprising, as magnetic dipole-allowed transitions are typically much 
weaker in far-IR (or IR) than electric dipole-allowed transitions.87 With field increase, the 
MS = -3/2  -1/2 ZFS peak blue-shifts to higher energies, eventually residing at its final 
position at 54 cm-1 when the ZFS couples to and repels phonon B. This avoided 
crossing with B is closely followed by several more in quick succession with phonons C-
F at 6-9 T. The next avoided crossings occur with phonons G and H at 11-15 T.  
The field-driven avoided crossings in the far-IR spectra in Figure 3.2 may be 
characterized by Figures 3.3-3.4. Two coupled transitions may be used to characterize 
the avoided crossings observed in the far-IR spectra.68 A Hamiltonian for the coupling of 
magnetic |Ψsp⟩ with phonon |Ψph⟩ peaks is given by the matrix in Eq. 1.9. 
In Figures 3.3-3.4, the states ϕ3,4|0⟩ and ϕ3,4|1⟩ have pairwise identical slopes, 
whereas ϕ3,4|0⟩ and ϕ1,2|0⟩ have different slopes. The net transitions from ϕ3|0⟩ to ϕ3|1⟩ 
in Figure 3.3 and ϕ4|0⟩ to ϕ4|1⟩ in Figure 3.4 are in essence field-independent far-IR-
active phonon excitations (black arrows). For the blue-shifting ϕ3|0⟩ (MS = -3/2)  ϕ1|0⟩ 
(MS = -1/2) transition with increasing magnetic fields in Figure 3.3, ϕ3|1⟩ approaches 




Figure 3.3. Schematic views of the spin-phonon couplings in 2 for the blue-shifting ϕ3|0⟩ 
 ϕ1|0⟩ transition with higher-energy phonons. ϕ1, ϕ2, ϕ3, and ϕ4 are eigenfunctions of 
MS = -1/2, +1/2, -3/2 and +3/2 states, respectively.64 (a) Zero-field splitting 2D' of the 
magnetic/spin quartet ground state. (b) Vibrational states of a selected phonon with 
eigenfunctions |0⟩ and |1⟩ and a small energy separation δ above the excited KD ϕ1,2. 
(c) Spin-phonon product states with product functions ϕi|n⟩ before vibronic coupling. (d) 
Vibronic coupling with coupling constant Λ, leading to an energy shift and splitting: Δ± = 
(δ2 + Λ2)1/2. (e) Zeeman splitting of vibronic states in a field B and avoided crossing from 
the couplings between the ϕ1|0⟩ and ϕ3|1⟩ states. (f) Avoided crossing in the far-IR 





Figure 3.4. Schematic views of the spin-phonon couplings in 2 for the red-shifting ϕ4|0⟩ 
 ϕ2|0⟩ transition with lower-energy phonons. (a-d) are analagous to Figure 3.3. (e) 
Zeeman splitting of vibronic states in a field B and avoided crossing from the couplings 
between the ϕ4|1⟩ and ϕ2|0⟩ states. (f) Avoided crossing in the far-IR spectra based on 
Eq. 1.9 for red-shifting transitions.  
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coupling and a field-dependent transition. For the red-shifting ϕ4|0⟩ (MS = +3/2)  ϕ2|0⟩ 
(MS = +1/2) transition with increasing magnetic fields in Figure 3.4, the thermal 
population of the first excited level, ϕ4|0⟩, at 5 K is small. Thus, the transition from this 
level to ϕ2|0⟩ in the excited KD is weak and difficult to observe. With increasing 
magnetic fields, ϕ4|1⟩ approaches ϕ2|0⟩, the upper magnetic level of the excited 
electronic KD, leading to additional coupling and a field-dependent transition. The ZFS 
transitions in (d) and (e) of both Figures 3.3-3.4 are observed in far-IR.  
The model in Eqs. 1.9-1.10 can be expanded to an 8 × 8 matrix in Eq. 3.1 to 
account for all coupled phonons simultaneously. The ZFS peak (Esp) was modeled 
every 0.5 T from 51.5 cm-1 at 0 T to 82.5/71 cm-1 at 17 T for the transmittance data and 
49/50.5 cm-1 at 0 T to 38/74 cm-1 at 17 T for both reflectance peaks. If the spectra are 
instead fit using multiple 2 × 2 matrices, the coupling constants are not appreciably 
different. It is possible that there are other couplings that are too weak to be observed in 
the normalized spectra. As seen in Figure 3.2a, there are four peaks labeled with an 
asterisk (*). These phonons were not considered in the fitting for either far-IR spectra 
since avoided crossings with them were not observed. It is likely that they couple with 
the ZFS peak, but their intensity is too weak to be noticeable, even in the contour plot. 












𝐸𝑠𝑝 𝛬1 𝛬2 𝛬3 𝛬4 𝛬5 𝛬6 𝛬7
𝛬1 𝐸𝑝ℎ1 0 0 0 0 0 0
𝛬2 0 𝐸𝑝ℎ2 0 0 0 0 0
𝛬3 0 0 𝐸𝑝ℎ3 0 0 0 0
𝛬4 0 0 0 𝐸𝑝ℎ4 0 0 0
𝛬5 0 0 0 0 𝐸𝑝ℎ5 0 0
𝛬6 0 0 0 0 0 𝐸𝑝ℎ6 0







  (Eq. 3.1) 
 
This matrix includes seven phonons (Ephi, i = 1-7) and their respective coupling 
constants (Λi, i = 1-7), which assumes that the magnetic peak does not couple to one 
phonon at a time, but instead couples to all phonons simultaneously. The coupling 
constants from the fitting by Eq. 3.1 for the transmittance spectra in Figure 3.2c-d are 
given in Table 1. This is an empirical fitting, and the coupling between the magnetic 
peak and a single phonon is present across the entire energy range. The coupling 
strengthens as the spin and phonon modes approach each other. Thus, we fit all modes 
simultaneously. 
Reflectance far-IR spectra using a single crystal of 2 in Figure 3.2b are 
consistent with the couplings between the blue-shifting ZFS transition and several 
phonons. However, the peak positions and coupling constants change slightly, as 
shown by the results of the fitting in Table 3.1. The coupling parameters are very similar 
to a previous study of Co(acac)2(H2O)2 (1) presented in Chapter 2. 
On close examination of the contour plot in Figure 3.2c, it is clear that the 
couplings with phonons B and C are not fit particularly well even if the subsequent 
peaks are. Figure 3.2d shows that it is possible to fit these peaks well if we assume the 
presence of a second slower-shifting magnetic peak that begins at the same energy  
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Table 3.1. Peak positions and coupling constants for spin-phonon fit parameters of both 
transmittance and reflectance peaks. The phonon that overlaps the ZFS peak was not 
included in the fit due to its close proximity and lack of visible coupling.  
Phonon A B C D E F G H 
Transmittance 
Peak (cm-1) 
N/A 57.3(5) 61.1(5) 63.6(5) 65.1(7) 66.5(5) 72.9(5) 75.8(4) 
Λ (cm-1) N/A 2.2(6) 1.9(4) 1.3(5) 1.4(6) 1.5(4) 2.0(5) 2.3(6) 
Reflectance 
Peak (cm-1) 
44.6(4) 58.3(3) 62.4(4) 64.8(9) 66.0(4) 68.0(4) 73.6(5) 76.2(5) 
Λ (cm-1) 0.7(3) 1.7(4) 1.5(5) 1.0(5) 1.0(5) 1.4(6) 1.4(7) 1.4(4) 
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(~50 cm-1) and shifts to approximately 71 cm-1 at 17 T. This second shift is close to that 
of the initial reflectance shift by field in Figure 3.2b, indicating that, as expected, some 
powders of 2 in the transmittance spectra in Figure 3.2a,c-d are in the same orientation 
as the single crystal used in the reflectance spectra. For the powder sample for Figure 
3, we expect to see an average of three orientations (x, y and z). Due to the lack of 
anisotropy in the xy plane of the molecule, it is likely that there are two shifting peaks 
corresponding to the xy and z directions. 
Using the positions at 0 and 17 T in Figure 3.2c gives an estimated slope of 
1.82(0.05) cm-1/T for the powder sample. Additionally, the slope of the second, slower 
transmittance peak is about 1.15(0.05) cm-1/T (Figure 3.2d). From a visual perspective, 
the shift in the reflectance far-IR spectra (Figure 3.2b) starts out almost identical to that 
of the slower-moving transmittance peak, and then increases at a rate similar to that of  
the faster one. However, when fit using Eq. 3.1, the shift rate is determined to be about 
1.38(0.1) cm-1/T. This fits reasonably well for most of the recorded spectra. However, it 
may deviate slightly around 16-17 T, as the intensity does not line up perfectly with the 
fit, which may indicate that the shift rate increases slightly. In comparison, the slope is 
0.85(0.08) cm-1/T from the INS spectra using crystals oriented along the z-axis (Figure 
3.5). It should be noted that the slope relies on crystal orientation. Both the INS and far-
IR reflectance spectra are measurements using single-crystals of different orientations, 
while the far-IR transmittance is a powder measurement. The slopes of each method 
are compared in Figure 3.6. The spectra of each method, as well as calculated INS and 





Figure 3.5. (a) INS of 2 at variable magnetic fields showing the ZFS peak at 49.4(1.0) 
cm-1. The |Q| range is summed at 1-3 Å-1. The dashed, vertical blue line represents the 
position of the overlapping magnetic and phonon peaks (at 0 and 2 T) and the blue 
arrow represents the blue shift of 2D’. (b) Contour plot of the 45-60 cm-1 region in the 
normalized (by average across all fields) INS spectra at different magnetic fields 
showing the ZFS peak at 0 T gradually losing intensity with field increase, as it shifts to 
~56 cm-1 at 8 T. Overlay is estimated shift of 2D’ based on the intensity changes in the 
spectra with field. Error is estimated to be 1.0 cm-1. Spectra were previously published 






















































Figure 3.6. Comparison of far-IR transmittance (red and green), far-IR reflectance 
(blue) and INS (black) magnetic peak positions with field. Note that the far-IR points do 
not strictly correspond to the magnetic transition MS = -3/2  -1/2, as there are 
numerous avoided crossings in the region. Instead, they are simply indications of the 
direction and rate the magnetic transition shifts. The errors were estimated to be 1 cm-1 

































Figure 3.7. The 25-250 cm-1 region of experimental Raman, far-IR and INS at 0 T and 
calculated far-IR and INS spectra. The vertical dash line indicates the position of the 
ZFS peak at ~50 cm-1. 
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Figure 3.8. The 250-1000 cm-1 range of calculated and experimental far-IR and INS 
spectra (VISION) at 5 K. The experimental far-IR data approached zero transmittance 
around 800 cm-1 due to the settings of the spectrometer. Far-IR data here are baseline-
corrected for easy comparison.  
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Raman spectra of 2 in 0-14 T magnetic fields are given in Figure B.2 in Appendix B. No 
observable magnetic feature or spin-phonon coupling with the Raman-active phonons 
was found between 50 and 70 cm-1 with or without an applied field. The magnetic ZFS 
transition in 2 may be vanishingly weak in Raman. It is currently not clear why 
apparently no such coupling with the Raman-active phonon occurs in 2. 
 
3.4. Conclusions 
The work with the single crystals of [Co(12C4)2](I3)2∙(12C4) (2) reveals the power 
of INS and far-IR to directly probe the magnetic excited level at 2D and spin-phonon 
couplings. Far-IR studies of 2 not only have confirmed the ZFS position observed in INS 
but also showed that the weak ZFS peak couples with multiple far-IR active phonons 
simultaneously. It is possible that if higher fields were utilized, the magnetic peak would 
experience additional avoided crossings as it continued to shift. 
 
3.5. Experimental 
Single crystals of [Co(12C4)2](I3)2∙(12C4) (2) were prepared by the group of 
collaborator Prof. Xue-Tai Chen, Nanjing University, China. 
 
3.5.1. Far-IR and Raman Studies of [Co(12C4)2](I3)2∙(12C4) (2) 
Far-IR and Raman spectroscopic studies were conducted at the National High 
Magnetic Field Laboratory (NHMFL) at Florida State University. For far-IR spectra, the 
powdered samples were placed in a sample holder and mixed with eicosane to hold 
them in place. Spectra were collected at 5 K using a Bruker Vertex 80v FT-IR 
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spectrometer coupled with a superconducting magnet (SCM) with fields up to 17 T. 
Reflectance spectra were collected using the same spectrometer and magnet, with a 
single crystal oriented in the Voigt geometry relative to the magnetic field, as shown in 
Figure B.1-Top in Appendix B. Far-IR transmittance reaches zero at approximately 800 
cm-1 due to the experimental setting of the FT-IR spectrometer. The IR intensities and 








Inter-Kramers Transitions and Spin-Phonon 




This author performed the far-IR and Raman studies, as well as the spin-phonon fittings 
of the far-IR spectra. Magnetic field-dependent INS spectra were originally published in 
the Ph.D. dissertation of Shelby E. Stavretis, and are included in this chapter with 





Spin-phonon coupling plays a critical role in magnetic relaxation in single-
molecule magnets (SMMs) and molecular qubits. Yet, few studies of its nature have 
been conducted. In the current work, we show for the first time spin–phonon couplings 
between Kramers doublets (KDs, from the crystal field) in a lanthanide-based SMM and 
its IR-active phonons. Er[N(SiMe3)2]3 (3) is the first equatorial, Er-based single-molecule 
magnet with a Ueff of 85 cm-1. Far-infrared (far-IR) spectroscopy reveals at least three 
field-dependent transitions (within the 4I15/2 ground state/manifold) at 0 T: MJ = -15/2 
 -13/2 at 103 cm-1, MJ = -15/2  -11/2 at ~180 cm-1, and MJ = -15/2  -9/2 at 245 
cm-1. Each of these transitions couples with nearby phonons, leading to avoided 
crossings [|coupling constants| ≈ 3 cm-1]. This study shows that far-IR can be utilized 
with magnetic fields to accurately determine multiple inter-Kramers transitions in 
lanthanide-based complexes. This is also the first known observance of crystal field 




Recently, f-element-based complexes with slow magnetic relaxation have 
attracted much interest for potential applications as single-molecule magnets and 
qubits.36,63,74,77,88-103 Due to their inherent large first-order spin-orbit coupling, bistable f-
element complexes are described by their total angular momentum states (MJ) as 
opposed to early transition metal (TM) complexes, which are often described by their 
spin (MS) states.2 As a result, the double wells present due to magnetic anisotropy tend 
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to run much deeper than their TM counterparts. However, this does not prohibit the 
formation of additional relaxation pathways such as quantum tunneling. In order to 
deepen these wells, which enables the formation of the bistable ground state, one 
typically aims to maximize the magnetic anisotropy of the molecule by applying ligands 
trans to each other along a magnetic z-axis, effectively maximizing the axial anisotropy. 
This works well for transition metals as well as certain rare-earth metals such as Dy(III) 
ions, which have oblate-shaped electron densities.89 However, the Er(III) ion is best 
suited for an equatorial ligand field to maximize its magnetic anisotropy due instead to 
its prolate-shaped electron density.90-91,93 Er[N(SiMe3)2]3 (3, Figure 4.1) was the first 
equatorial, Er-based, SMM to ever be reported.93,104 Several Er(III) SMMs with 
equatorial ligand fields have since been studied.89-90,92,105 Complex 3 has C3v symmetry 
with the ground state with high contributions of MJ = ±15/2. This state is therefore 
described by MJ = ±15/2. The same applies to each excited MJ state. Due to its low 
coordination number and purely equatorial ligands, the quantum tunneling mechanism 
(QTM) between both ground states is effectively suppressed.93 Previously, Jank and 
coworkers used a “hot-band” optical absorption technique to indirectly determine the 
energies of each inter-Kramers crystal field transition of the 4I15/2 state except for the MJ 
= ±3/2 and ±1/2 states (Figure 4.1).106 Hallmen and coworkers have recently conducted 
ab initio calculations of the crystal field splitting and magnetic properties of 3 by a new 
approach based on an extension of the configuration-averaged Hartree-Fock (CAHF) 
method.107 
Separations of Kramers doublets in an SMM, as a result of its crystal field, are 




Figure 4.1. (Top-Right) Structure of 3. Atom labels are Er (green), N (blue), Si (orange) 
and C (dark gray). (Bottom) Electronic interactions in Er(III) ions due to electron 
repulsion, spin-orbit coupling and crystal field contributions. MJ values of each sublevel 
of the ground 4I15/2 multiplet of 3 represent the highest contribution as none are totally 
defined by one value. Red arrows represent the relative energies of the MJ = ±15/2  
±13/2 transition at 0 T and the -15/2  -13/2 transition inside magnetic fields.2  
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mediated via a higher energy level by a thermally-activated QTM or Orbach process 
through an excited state. The first spin-orbit coupled state, adjusted by crystal field, was 
computed to be 82 cm-1. Using the previously mentioned “hot-band” method, the first 
excited state was indirectly determined to be 110 cm-1.106 However, the effective barrier 
was determined to be 85 cm-1 from a fitting of the ln(τ) vs T-1 data (τ = relaxation time in 
the AC susceptibility measurement; T = temperature), quite a bit lower than the actual 
excited states, but fit well with the computed state.93 
Far-IR spectroscopy has been utilized several times to measure these magnetic 
levels in lanthanide complexes, and provides a good measure of the magnetic 
anisotropy present in the system.21,52,108-109 However, this method has rarely been used 
to study lanthanide SMMs, with most of the work performed by van Slageren et 
al.23-24,110-111 In principle, the crystal field states studied by far-IR are found in all 
lanthanide ions, whether they are SMMs or not. Other than high-field, high-frequency 
EPR (HF-EPR), far-IR is one of the most commonly used methods to directly determine 
the magnetic energy levels in transition metals and their crystal field counterparts in rare 
earth complexes. However, since HF-EPR typically has an upper limit of ~33 cm-1, it is 
often inadequate to study f-element complexes. With the application of a trigonal ligand 
field, all inter-Kramers transitions within the 4I15/2 state in 3 are far-IR-allowed by 
symmetry due to the absence of an inversion center.32 Alternative experiment 
techniques include inelastic neutron scattering (INS), which has also occasionally been 
used to probe magnetic levels in molecular f-element compounds. 
Spin-phonon coupling is the most prevalent mechanism of magnetic relaxation in 
SMMs.1,5,35-39,59,76,78 The coupling of phonons to excited crystal field states in lanthanide 
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complexes may well lead to additional methods of relaxation. These spin-phonon 
interactions, including their nature and magnitude, are still not clearly understood. 
Theoretical studies have been recently conducted to understand the relationships 
between phonons and magnetic relaxations in SMMs.61-63 Phonons are difficult to 
spectroscopically distinguish from magnetic peaks without the use of an applied 
magnetic field.47 We have observed clear spin-phonon couplings as avoided crossings 
in the transition metal SMM Co(acac)2(H2O)2 (1) and its isotopologues Co(acac)2(D2O)2 
(1-d4)and Co(acac-d7)2(D2O)2 (1-d18) using Raman spectroscopy in Chapter 2, where 
we were able to determine the magnitudes of the couplings between the magnetic mode 
and several nearby phonons. Far-IR of the same compounds reveal the magnetic 
portions of these coupled peaks. Far-IR of [Co(12C4)2](I3)2∙(12C4) (2) in Chapter 3 also 
revealed similar couplings between the ZFS peak and phonons. 
In this work, we report our studies of 3 by far-IR spectroscopy. The energies of 
several MJ levels stemming from the 4I15/2 ground state in 3 have been directly 
determined using far-IR. Spin-phonon couplings are directly observed as weak avoided 
crossings, and their magnitudes determined by fitting. 
 
4.3. Results and Discussion 
Phonons here refer to vibrations of molecular solids, and include external 
(intermolecular) and internal (intramolecular) modes. Lattice vibrations are often 
characterized as external modes, in which the molecules vibrate primarily as a whole 
with little internal distortion, including translational and librational modes.85 Significant 
distortions of atoms that comprise a part of the molecule with a small displacement of 
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the molecular center-of-mass are often called internal modes or commonly known as 
molecular vibrations.86 Internal modes typically have much higher frequencies than 
external modes. From the perspectives of solid-state physics, the internal and external 
modes originate from the same governing equations, and have the same mathematical 
representations, meaning both internal and external modes often couple, thus all modes 
are essentially mixed. Therefore, we do not attempt to distinguish external and internal 
modes in the current work. 
 
4.3.1. Far-IR Measurements under Magnetic Fields 
Magnetic transitions in 3 were studied using a far-IR spectrometer with applied 
magnetic fields up to 17 T at 5 K. When a magnetic field is applied, each Kramers 
doublet splits to two energy levels of +MJ and –MJ values (Figure 4.1). Depending on 
the temperature and relative populations, two transitions are possible between the 
ground and first excited states: MJ = -15/2  -13/2 and MJ = +15/2  +13/2. Since our 
far-IR experiments were conducted at 5 K, only the ground state MJ = -15/2 is expected 
to be appreciably populated with applied field. Thus, only the MJ = -15/2  -13/2 
transition is observed. In addition, the separation between -15/2 and -13/2 states (as 
well as every other state in the 4I15/2 manifold) increases with applied magnetic fields 
(Figure 4.1). Thus the transition shifts to higher energies. Since the sample is a powder, 
the observed transitions are averages across all possible orientations of magnetic field 
with respect to the magnetic anisotropy. Since each orientation has its own g value, the 
magnetic transition will have a tendency to broaden to some degree instead of 
remaining as a clear and discrete peak. The transitions observed here are purely 
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magnetic dipole-allowed since f-f transitions are electric dipole-forbidden. This means 
each transition within the 4I15/2 multiplet is allowed. 
Upon the application of field, three clear far-IR modes sensitive to magnetic fields 
appeared at 103 cm-1, ~180 cm-1 and 245 cm-1, referred to henceforth as ν1, ν2 and ν3, 
respectively (Figure 4.2). All three peaks are very weak in intensity, appearing as 
shoulders of more intense phonons. ν3 has a larger change than the other two, possibly 
due to how it interacts with the phonon it resides on. All magnetic modes seem to shift 
to higher energies with applied magnetic fields. This is expected given the spectra were 
taken at 5 K (Figure 4.1), thus only the lowest energy state is populated. The first two 
transitions appear to be extremely weak in comparison to the large neighboring 
phonons. The ν1 transition (assigned to the MJ = -15/2  -13/2 transition based on 
previously reported data106) is in close agreement with the INS data (vide infra). All 
three peaks agree reasonably well with previously reported experimental data, with the 
next two modes ν2 and ν3 coinciding with MJ = ±11/2 and MJ = ±9/2 excited states.  
Upon close examination, each of these three transitions appears to couple with 
nearby phonons, producing avoided crossings. A visual inspection of the raw 
transmittance data does not indicate any obvious avoided crossings of discrete peaks. 
Instead, the shift paths and couplings are only revealed upon close examination of the 
contour plots of the normalized spectra (Figures 4.3-4.4). We speculate that these 
magnetic modes are either extremely weak or the portion of the phonon that the 
magnetic transition interacts with is very small. A symmetry analysis indicates that a 
transition from the ground state (Γ5/6) to any other excited electronic state (Γ4 or Γ5/6 in 




Figure 4.2. (Bottom) Far-IR transmission spectra of 3 at 0 T (black) and 17 T (red); 
(Top) Transmission normalized to the zero-field spectrum at 1, 5, 9, 13 and 17 T 

























Figure 4.3. Far-IR spectra in the vicinity of magnetic modes (Left) ν1 and (Right) ν3. 
(Top) Raw transmission; (Middle) Transmission normalized to the zero-field spectrum 
(TB / T0); (Bottom) Contour plot of the normalized transmission (by average). White lines 
represent results of the spin-phonon coupling fitting. Pink lines represent the shift of the 
uncoupled magnetic peak used for the coupling parameters Esp. Vertical red lines 
indicate approximate zero-field positions of dominant phonon modes. 


































































































































































Figure 4.4. Far-IR spectra of the ν2 magnetic transition. (Top) Raw transmission; 
(Middle) Transmission normalized to the zero-field spectrum (T0); (Bottom) Contour plot 
of the normalized transmission (by average). Red lines indicate approximate zero-field 
position of major phonon peaks. It is important to note that the blue portion indicates a 


















































































far-IR spectroscopy in the z (Γ5/6) and xy (Γ4) directions.32-34,106 While 3 is technically 
C3v, there is some disorder present in the crystal structure, where the Er atom is present 
in two locations at once, thus the D3h’ double group table is included as well in Appendix 
F (Table F.7). The current work does not attempt to address this. 
Both ν1 and ν3 are clearly coupled with adjacent phonons that are observed as 
avoided crossings. As shown in Figure 4.3, both magnetic transitions are coupled with 
at least one phonon mode. These spin-phonon couplings may be modeled by Eqs. 1.9 






)       (Eq. 4.1) 
 
where Esp and Eph are the expected energies of the magnetic and phonon peaks, 
respectively; Λ represents the spin-phonon coupling constant. In Eq. 1.9, the coupling of 
the spin with one phonon is considered. Eq. 4.1 may be used to model the couplings 
when the spin is coupled simultaneously to two phonons (with energies Eph1 and Eph2 
and coupling constants Λ1 and Λ2, respectively). ν2 seems to show similar couplings. 
However, it could not be modeled using these equations as the interactions are not 
clear. This model is rather simple, and does not account for all factors present in these 
interactions. Additionally, the crystal field energies in lanthanide complexes are much 
smaller than in transition metal complexes. Thus, the coupling parameters reported 
here, which are similar values, likely do not provide a complete understanding. A more 
complex model, such as the vibronic model presented in Chapter 2, would be beneficial  
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to understand the couplings reported here. 
After normalization of the far-IR spectra of 3 by the average across all fields, data 
of the ν1 and ν3 transitions were fit with Eqs. 1.9 and 4.1, respectively. Their spin-
phonon coupling constants with nearby phonons (Λ) were 2.9 cm-1 for ν1 and (Λ1) 3.0 
cm-1 and (Λ2) 3.0 cm-1 for ν3 (see Table 4.1).112 These values correspond to 
approximately half the distance between two modes at their closest point. The 
eigenvalues of Eqs. 1.9 and 4.1 at each field give the energies of the coupled 
transitions. Based on the fact that these coupling constants are fairly large and couple 
at relatively large distances, it can be difficult to distinguish which peak is magnetic and 
which is phonon in nature. Thus, close examination of the normalized data is required. 
ν1 is coupled with a phonon at approximately 112 cm-1, which is then pushed to higher 
energies with applied field (Figure 4.3-Left), causing it to broaden and lose intensity. It is 
believed that the magnetic mode ν1 is the 103 cm-1 peak instead of the 112 cm-1 peak 
for several reasons. First, it agrees with both previously published data106 and the INS 
data of this work (Figure 4.5). Secondly, the shift of the 103 cm-1 peak is mostly linear 
for the majority of the fields measured, but seems to begin an avoided crossing towards 
the later fields. As a result, there is a good fit with the 103 cm-1 peak, but not with the 
112 cm-1 peak, as the latter mostly loses intensity as it shifts. This clearly indicates that 
the 103 cm-1 peak is magnetic in nature. This could explain why no coupling is observed 
in the INS spectra with field (vide infra), as the data are only collected up to 10 T, where 
the magnetic peak was still shifting linearly in far-IR. 
The magnetic mode ν3 (Figure 4.3-Right) shows similar features, but it lies 
coupled between two phonons. As the magnetic mode shifts to higher energies, a lower 
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Table 4.1. Fitting parameters of spin-phonon coupling for Eqs. 1.9 and 4.1. Since the 
magnetic peaks (νi) were drawn as straight lines simulating linear shifts, the starting and 
ending energies at the initial (0 T) and final (17 T) fields are specified.  
Peaks  













104.1(1.5) 113(3) 111.8(1.0) 243.0(5) 242(3) 260(6) 251.7(5) 
Λ (cm-1)b N/A N/A 2.9(5) 3.0(1.0) N/A N/A 3.0(7) 
a Ph-1 refers to the phonon coupled to magnetic peak ν1. Ph-2 and Ph-3 refer to the two 
phonons coupled to magnetic peak ν3. 
b Errors are based on a visual inspection of the best fit of the contour plots, and are 
inherently difficult to estimate due to the multi-parameter nature of the fitting. For 
example, altering the phonon energies can slightly change the coupling constants and 
slope of νi required for a good fit. Thus, all errors stem from the alteration of a single 




Figure 4.5. INS spectra obtained from the Disk Chopper Spectrometer (DCS) at 1.7 K 
at 0 T (black), 5 T (red) and 10 T (blue). Error bars indicate 1σ. Unlike the 
transmittance far-IR spectra in Figures 4.2-4.4, INS peaks are pointed upward. These 

















energy mode appears at 242 cm-1, most likely shifting from a lower-energy region due to 
coupling with the magnetic peak. Interestingly, the change in this peak at 242 cm-1 with 
applied field is almost exclusively due to an increase in its intensity as opposed to a shift 
into its final position as one would expect in a typical avoided crossing. Conversely, the 
higher energy mode at 253 cm-1 seems to shift to higher energies and lose intensity with 
field, quickly becoming too broad to track past the first few fields. ν3 is likely located at 
245 cm-1 not only because it agrees with the data in previous literature,106 but because it 
begins shifting immediately and maintains its strong intensity. Another possibility might 
be that the magnetic portion of the mode is inherently weak in far-IR, and is only viewed 
so strongly due to its close proximity to phonons, essentially stealing their intensity. This 
somewhat mirrors what we view in Raman spectroscopy of Co(acac)2(H2O)2 in Chapter 
2.31 The observation would support the fact that the 253 cm-1 mode becomes too weak 
to see very quickly once it begins shifting. Essentially, during the avoided crossing, the 
ν3 mode mixes its magnetic character with the phonon character of the adjacent peak at 
253 cm-1, eventually exchanging them altogether. These three modes were modeled 
using a 3 × 3 matrix like the one in Eq. 4.1, with Esp being the energy values for ν3 as it 
lies between two phonons. Eph1 and Eph2 were set at 243 and 251.7 cm-1, respectively. If 
the coupled modes around ν3 are instead modeled using two separate 2 × 2 matrices 
(Figure C.1 in Appendix C), the coupling constants are the same as the 3 × 3 (Eq. 4.1) 
values. The only difference are the values of Esp for each field, which is unavoidable 
with the presence of more than two coupled peaks. The results of the fit are reported in 
Table 4.1. 
For the magnetic mode ν2 (Figure 4.4), no couplings could be fitted using the 
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spin-phonon coupling model. Despite the fact that the changes viewed here are small 
relative to the ν1 and ν3 transitions, it does seem clear that this transition shifts to higher 
energies with applied fields, but its behavior could not be cleanly modeled with the fitting 
equations for avoided crossings. We can also say with confidence that the large phonon 
at 176 cm-1 shifts very slightly to higher energies, likely relaxing back into a more stable 
energy when ν2 shifts away. There are two other phonons nearby at 187 and 196 cm-1 
(Figure 4.4-Top), but they do not have clear couplings with the magnetic peak as the 
other two transitions do. One possible explanation for this behavior is that ν2 occurs at 
180 cm-1 at 0 T, where it slightly repels the 176 cm-1 peak to lower energies. Then, it 
shifts to higher energies with applied fields, where it appears to experience weak 
avoided crossings with phonons in the 185-200 cm-1 range. The data are not believed to 
be erroneous, as a subsequent data collection on a new sample revealed a very similar 
feature. Unlike compounds such as Co(acac)2(H2O)2 in Chapter 2,31 which have an 
inversion center, each transition in 3 is symmetry-allowed in far-IR.106 
Each of these features may be inherently more difficult to fit due to the fact that 
the peaks involved are broad, weak and do not shift very far in the field range used. It is 
possible that the next transition (ν4) can be viewed at approximately 285 cm-1, as shown 
in Figure C.2 In Appendix C. However, this feature is very weak compared to the three 
peaks already discussed. This mode does not appear to couple to any phonons in far-
IR, but this is not clear due to the weakness of the far-IR intensity. It is unclear why the 
remainder of the magnetic transitions (ν5-ν7) were unable to be observed with an 




4.3.2. Comparison of Techniques  
The results of far-IR, INS and Raman spectroscopies are summarized in Table 
4.2, in which each peak is assigned to a specific transition and spectroscopic method, 
compared with the previously reported value. Far-IR spectra reveal some spin-phonon 
couplings with adjacent phonons in the form of weak avoided crossings, which may 
somewhat alter their positions from their ground state energies. These avoided 
crossings are not observed in INS (Figure 4.5). The coupling may also not be observed 
because the 10 T field used in INS was not strong enough to shift the magnetic peak 
close enough to the phonon for a visible coupling. Raman spectroscopy did not reveal 
any of the same magnetic peaks, as shown in Figure C.3 and discussed in Appendix C. 
 
4.4. Conclusion 
The current work reports the first observation of spin-phonon couplings in a 
lanthanide-based SMM, which are observed as avoided crossings in far-IR 
spectroscopy with coupling magnitudes ≈ 3 cm-1. In addition, far-IR and INS 
spectroscopies have been used to quantify the magnetic/KD levels in a trigonal planar 
Er compound. They help piece together a picture of these magnetic energy levels and 
the couplings they experience with neighboring phonons. The studies here are expected 
to help understand magnetic properties of the SMM, including its magnetic relaxations. 
We believe the current approach with various complimentary spectroscopies could be 
utilized in the studies of similar f-complexes with first-order spin-orbit couplings, 
assigning inter-Kramers transitions and revealing previously unknown spin-phonon 
couplings. While transitions such as these are not normally expected in transition metal 
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Table 4.2. Energies of each magnetic transition.a 
Transition 
Energy (cm-1) by the “hot 
band” method106 
Energy (cm-1) from the 
current workb 
±15/2  ±13/2 (ν1) 110 cm-1 103 cm-1 (far-IR/INS) 
±15/2  ±11/2 (ν2) 190 cm-1 180 cm-1 (far-IR) 
±15/2  ±9/2 (ν3) 245 cm-1 245 cm-1 (far-IR) 
a  The ±15/2  ±7/2 transition (ν4), observed at 327 cm-1 by the indirect “hot-band” 
optical absorption technique, appears to be at 285 cm-1 in magneto-far-IR spectra. 
b  The errors for the energies are estimated to be ~1 cm-1. 
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SMMs without MJ states due to possessing quenched first-order angular momentum, we 
believe that any complex with significant spin-orbit couplings should display these 
transitions in optical spectroscopies. 
 
4.5. Experimental 
Single crystals of 3 were prepared by the group of collaborator Prof. Jin-Kui Tang 
which first reported SMM properties of 3.93 
 
4.5.1. Far-IR Spectroscopies under Magnetic Fields  
Far-IR spectroscopic studies were conducted at the National High Magnetic Field 
Laboratory (NHMFL) at Florida State University. For far-IR spectra, the powdered 
samples were mixed with n-eicosane and pressed into pellets approximately 1 mm 
thick. Spectra were collected at 5 K using a Bruker Vertex 80v FT-IR spectrometer 








Spectroscopic Studies of the Magnetic 
Transition and Spin-Phonon Couplings in the 
Single-Molecule Magnet Co(AsPh3)2I2 
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Magnetic field-dependent INS data and 5 K VISION spectra were previously published 
in the Master’s Thesis of Zhiming Liu, and are included here for comparison with other 




 A combination of inelastic neutron scattering, far-IR and Raman spectroscopies 
has been used to comprehensively probe the magnetic excitations in Co(AsPh3)2I2 (4). 
With applied field, the magnetic peak (2D) begins to shift to higher energies in each 
spectroscopy. Inelastic neutron scattering (INS) by both variable temperature and 
magnetic field accurately place the ZFS peak at 54 cm-1, a result that agrees well with 
those from both far-IR and Raman. Far-IR and Raman also show the presence of spin-
phonon couplings in the form of avoided crossings. These couplings are fit using an 
expanded avoided crossing model in which each interaction has a coupling constant in 
the range of ~1-2 cm-1. The combined use of far-IR, Raman and INS spectroscopies 
with spin-phonon fittings and phonon calculations gives an accurate determination of 




Single-molecule magnets (SMMs) have undergone intense research for almost 
thirty years as a potential high-density data storage material. These paramagnetic 
molecular compounds exhibit magnetic bistability enabling the slow relaxation of 
electrons from one ground state to another.1,5,35-39 Ideally, this process is unhindered as 
the primary relaxation mechanism would be to climb over the barrier separating the two 
states.4-5,44-45 Unfortunately, this is often complicated by other relaxation mechanisms 
such as spin-lattice relaxations with low-energy phonons and quantum tunneling 
through the barrier.1,5,35-36 Spin-lattice mechanisms are still poorly understood, and 
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developing new SMMs that minimize these effects is paramount.  
The direct determination of the barrier height is essential. This barrier is defined 
by the magnitude of the magnetic anisotropy characterized by the zero-field splitting 
(ZFS) parameters, notably the axial (D) and rhombic (E) magnetic anisotropy.4 Ideally, 
one aims to maximize the axial anisotropy, while subsequently minimizing that of 
equatorial or rhombic nature.1,36,38 
The magnetic properties of Co(AsPh3)2I2 (4) were previously studied by magnetic 
susceptibility measurements, showing that 4 exhibits slow magnetic relaxation.113 A 
fitting of their DC data produced ZFS values of D = -74.7 cm-1 and E = -0.82 cm-1. 
Compared to the isostructural Co(PPh3)2X2 (X = Cl, Br, I),113-115 4 showed a significant 
increase in axial anisotropy. In contrast, the AC susceptibility data produced an effective 
barrier, Ueff, of 32.6 cm-1, which is similar in magnitude to the isostructural phosphine 
analogues, but much lower than the calculated barrier. Unfortunately, magnetic 
susceptibility has the drawback of relying on data fitting to determine the ZFS 
parameters.4 As a result, the parameters are indirectly determined and are prone to 
large errors. 
 Effective and accurate methods of directly determining these parameters are 
spectroscopic techniques employed in the spectral range commensurate to the energy 
barrier. For instance, high-field and high frequency electron paramagnetic resonance 
(HF-EPR).5 EPR is highly accurate, but is often limited to energies of less than 33 cm-1, 
with few exceptions.116-117 Other methods such as frequency-domain magnetic 
resonance (FDMR) spectroscopy can achieve results up to 48 cm-1.5,12 However, this 
method employs backwards wave oscillators as a continuously-tunable monochromatic 
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radiation source, and are no longer manufactured. Far-IR spectroscopy under magnetic 
fields (also called far-IR magneto spectroscopy or FIRMS) allows access to a much 
higher energy range and is appealing for the study of SMMs.5 This method is extremely 
useful for observing the magnetic dipole-allowed ZFS transitions found in SMMs.14 The 
main issue with interpreting FIRMS spectra is that phonons are prevalent in the low-
energy region of far-IR spectra, making the application of magnetic fields necessary for 
accurate determination of the magnetic peak.47 Transitions viewed in EPR must be 
magnetic dipole-allowed, meaning phonons are not generally observed (although 
vibronic effects may be present due to the Jahn-Teller effect).10 Van Slageren and 
coworkers have shown that far-IR spectroscopy is invaluable as a direct method of 
observing magnetic barriers in these compounds.5,24-25,50 
 Another method with very few uses for observing ZFS transitions is Raman 
spectroscopy. This method has only been used to determine magnetic energy levels in 
two transition metal SMM compounds.29,31 Other compounds such as 
Co(12C4)2(I3)2∙(12C4) (2) have been attempted by our group, but showed no magnetic 
peaks in Raman spectroscopy, as discussed in Chapter 3. In the study of Fe(H2O)6∙SiF6 
by Gnezdilov and coworkers, these transitions were directly observed as clear 
standalone peaks which split and shifted with field.29 However, in the study of 
Co(acac)2(H2O)2 (1), the ZFS transition was only observed when in close proximity to 
neighboring phonon peaks, effectively stealing their intensity by an avoided crossing 
mechanism.31 These studies produced results in close agreement with subsequent far-




 Spin-phonon coupling in SMMs is a primary method for magnetic relaxation, 
often relying on the direct or Raman mechanisms.118 In recent years, these couplings 
have been directly observed a number of times as a coupling between the excited 
magnetic peak and neighboring phonons in both d- and f-complexes.25,28,31 In many 
cases, these couplings can be fit to a spin-phonon coupling model with coupling 
constants of ~1-3 cm-1. The precise nature of these couplings is still under investigation, 
but several theoretical studies have been performed to help illuminate these issues.61-63 
 Here, we present a comprehensive spectroscopic study of the SMM Co(AsPh3)2I2 
(4) to view the inter-KD ZFS transition MS = 3/2  1/2 by a combination of far-IR, 
Raman and INS spectroscopies, as well as INS phonon calculations. The magnetic 
peak is clearly observable in all three methods, and displays spin-phonon couplings in 
the form of avoided crossings in both far-IR and Raman spectroscopy.  
 
5.3. Results and Discussion 
 The structure of 4 is given in Figure 5.1. In a negative D system, the expected 
transitions stem from the ground state MS = ±3/2.113 
 
5.3.1. Far-IR Spectroscopy under Magnetic Fields 
 In the past, this method has proven useful to directly determine energies of 
magnetic transitions such as the ZFS transition in 4 (MS = -3/2  -1/2).5 Transmission 
far-IR spectra of 4 in Figure 5.2 using a powder sample reveal a weak magnetic 
transition originating from approximately 54 cm-1. With applied magnetic fields, the 




Figure 5.1. (Left) Molecular structure of Co(AsPh3)2I2 (4). Atom labels are cobalt (blue), 
arsenic (orange), carbon (gray) and iodine (purple). Hydrogen atoms omitted for clarity. 
The molecular symmetry of 4 is C2v. (Right) Zero-field splitting (ZFS) pattern of a Co(II) 
ion with a negative D parameter. The red lines indicate the zero-field transition, while 




Figure 5.2. (Top) Transmission far-IR spectra of 4 and spectra normalized to the zero-
field spectrum (TB / T0). (Bottom) Contour plot of normalized transmission data (by 
average across all fields). White lines indicate fittings from Eq. 5.1. 
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observe that these shifting peaks have weak couplings with far-IR active phonons in the 
form of avoided crossings. These couplings appear to be very similar in nature to those 
we viewed earlier in [Co(12C4)2](I3)2∙(12C4) (2, Chapter 3). As the magnetic peaks shift, 
they do not displace entire phonon peaks, instead only involving a small portion of the 
phonon intensity in their couplings. These couplings are not immediately recognizable in 
the raw transmission spectra, but are clear in the contour plots (Figure 5.2).  
 In addition to transmission far-IR, we have also utilized a reflectance technique 
with an unoriented single crystal of 4 (Figures D.1-D.2 in Appendix D). While the 
contour plots are not as clear as the transmission data, the avoided crossings are 
clearly observed at their strongest interaction point, i.e., their point of closest proximity. 
As in the transmission spectra, the reflectance data also show some extremely weak 
intensity shifting to lower energies with field. We attribute these splitting peaks in both 
transmission and reflectance spectra to the MS = -3/2  -1/2 and MS = +3/2  +1/2 
transitions for the blue- and red-shifting peaks, respectively. Due to the low temperature 
of the sample (5 K), only the ground state (MS = -3/2) is appreciably populated at 
applied fields according to Boltzmann statistics. As the fields increase, the relative 
energy of the MS = +3/2 state increases, leading to a decrease in the intensity of 
transitions originating from this state. 
As has been discussed previously, ZFS transitions are primarily magnetic dipole 
transitions.14 The point group for the symmetry around the metal center in 4 is C2v. 
Thus, the molecule has no inversion center, and the MS = ±3/2 and ±1/2 states are 
represented by Γ5 (E1/2) representations (as shown in the double group table in Table 
F.3 in Appendix F).33 
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 4 is part of a growing set of Co(II)-based SMMs studied recently, displaying a 
magnetic peak that is clearly involved in avoided crossings with neighboring 
phonons.25,28,31 These couplings can obscure where the magnetic peak originates from, 
and may make direct determination of the peak difficult using only the raw far-IR 
spectra. As discussed in earlier chapters, these couplings, displayed in a contour plot of 
the normalized spectra, can be fit using a spin-phonon coupling model to assist in 
determining the exact location at zero field.31 
 In the simplest phenomenological model, a single spin-phonon coupling can be fit 
using a Hamiltonian matrix of the form shown in Eq. 1.9, where Esp and Eph correspond 
to the expected energies of a magnetic/ZFS |Ψsp⟩ and phonon |Ψph⟩ peak. Λ 
corresponds to the coupling constant for the interaction between both peaks, and is 
equal to roughly half the distance between them at their closest point of interaction.68 
The eigenvalues of Eq. 1.9 at each field give energies of the coupled peaks, showing a 
repulsion instead of crossing without interacting.  
 Using an expanded matrix such as the one in Eq. 5.1, we have fit each of the 
avoided crossings simultaneously. This fitting assumes the blue-shifting peak couples 
with seven phonons while the red-shifting peak interacts with only three. It is possible 
they couple with additional phonons. However, due to the nature of the powder sample, 
the magnetic peaks have a tendency to broaden and become weaker with higher 
applied fields. This may mean that additional couplings have become too weak to 
observe in the current experiments with the maximum feild of 17.5 T, even in the 
















𝐸𝑠𝑝1 0 𝛬1 𝛬2 𝛬3 0 0 0 0 0 0 0
0 𝐸𝑠𝑝2 0 0 0 𝛬4 𝛬5 𝛬6 𝛬7 𝛬8 𝛬9 𝛬10
𝛬1 0 𝐸𝑝ℎ1 0 0 0 0 0 0 0 0 0
𝛬2 0 0 𝐸𝑝ℎ2 0 0 0 0 0 0 0 0
𝛬3 0 0 0 𝐸𝑝ℎ3 0 0 0 0 0 0 0
0 𝛬4 0 0 0 𝐸𝑝ℎ4 0 0 0 0 0 0
0 𝛬5 0 0 0 0 𝐸𝑝ℎ5 0 0 0 0 0
0 𝛬6 0 0 0 0 0 𝐸𝑝ℎ6 0 0 0 0
0 𝛬7 0 0 0 0 0 0 𝐸𝑝ℎ7 0 0 0
0 𝛬8 0 0 0 0 0 0 0 𝐸𝑝ℎ8 0 0
0 𝛬9 0 0 0 0 0 0 0 0 𝐸𝑝ℎ9 0














This fitting assumes that couplings between Esp1 and Eph4-10 as well as between 
Esp2 and Eph1-3 are nonexistent. In reality, the coupling is nonzero, but still vanishingly 
small, with little overall effect. The fitting results are visualized in Figure 5.2-Bottom and 
tabulated in Table 5.1. 
The results of our calculation are in a good agreement the experimental ones, 
with the lines clearly following the path of each peak shift. Figure 5.2 clearly shows that 
as the MS = -3/2  -1/2 peak shifts to higher energies, it experiences an avoided 
crossing with each phonon that appears in the far-IR spectrum up until approximately 80 
cm-1. The red-shifting MS = +3/2  +1/2 peak behaves similarly, with the exception that 
the magnetic peak eventually disappears below approximately 45 cm-1 between 7 and 9 
T. In this fitting, the ZFS peak originates at 54 cm-1 and splits into two peaks that reside 
at approximately 35 and 90 cm-1 by 17 T. 
 
5.3.2. Raman Spectroscopy under Magnetic Fields 
Compound 4 was also studied using Raman spectroscopy, where a single crystal 
was excited with a 532 nm laser at magnetic fields up to 14 T. The results agree  
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Table 5.1. Fitting parameters of spin-phonon coupling in transmittance and reflectance far-IR spectra by Eq. 5.1. Errors 
are based on a visual inspection of the alteration of a single parameter at a time. Notice the reflectance fit has one 
additional low-energy peak compared to the transmission fit. 
Transmission  
Peak (cm-1) 
44.2(4) 47.2(3) N/A 52.0(3) 56.5(4) 59.3(4) 65.6(3) 69.2(3) 72.8(4) 77.2(4) 81.0(5) 
Λ (cm-1) 1.7(4) 1.7(4) N/A 1.5(3) 1.5(2) 2.1(3) 2.1(2) 2.0(3) 2.0(3) 1.7(4) 1.7(5) 
Reflectance  
Peak (cm-1) 
44.2(3) 47.1(3) 49.0(3) 52.0(2) 56.7(3) 60.0(2) 65.2(2) 69.1(3) 72.8(3) 77.2(3) 81.5(6) 




well with those of the far-IR data, showing a ZFS peak originating at approximately 54 
cm-1 that shifts to 90 cm-1 by 14 T, as shown in Figure 5.3. This peak shifts linearly with 
applied magnetic fields and does not noticeably broaden with field. This is expected 
since only a single orientation/crystal face was measured. Unlike in far-IR, the ZFS peak 
does not appear to couple to any phonons with exception of a single phonon at 60 cm-1. 
The coupling can be fit using the simple Eq. 1.9, giving a relatively small coupling 
constant Λ of 1.0 cm-1.68  
 Due to the crowded nature of the phonons in this region, it is not clear whether 
the ZFS peak is Raman-allowed by its own intensity or if it must rely on the stolen 
intensity of nearby phonons. This was observed previously in our studies of 
Co(acac)2(H2O)2 (1), where the magnetic peak was not observed at zero-field (Chapter 
2). Only when it shifted into close proximity to two adjacent phonon modes did the ZFS 
peak steal intensity from these phonons in an avoided crossing mechanism. Once the 
ZFS peak passed both phonons, it gradually disappeared again.31 A similar 
phenomenon may be happening here as well. The magnetic peak is easily observed at 
zero-field when in the midst of several phonons. Once the ZFS peak is in less populated 
regions such as 66-71 and after 77 cm-1, the peak becomes exceedingly small. In the 
spectra of a single crystal, one does not normally expect the magnetic peak such as this 
one to lose intensity due to decreasing thermal population. 
We have found that 4 is slightly air-sensitive, converting slowly to the oxidized 
Co(O=AsPh3)2I2. Even though they were prepared under nitrogen, the crystals were 
handled under air, potentially converting to Co(O=AsPh3)2I2. Data from this impurity may 




Figure 5.3. (Top) Stacked Raman spectra at 0-14 T. (Bottom) Contour plot of Raman 
data. White dished lines indicate fittings of avoided crossings with a phonon at 60 cm-1 


































































prevalent on the surface of a crystal instead of spread throughout the bulk of the crystal. 
 It is believed that the magnetic feature at 54 cm-1 is indeed due to the ZFS of 4. 
Both INS and far-IR transmittance spectra, which do not rely on surfaces, show the 
magnetic peak at 54 cm-1. 
 
5.3.3. Phonon Calculations and Comparison with Spectra 
 INS spectra by VISION were previously reported in the Master’s thesis of 
Zhiming Liu, and are included here for direct comparison with phonon calculations that 
this author has studied.119 
While VISION data can illuminate the presence of a magnetic peak through 
temperature-dependence alone, it is often difficult without other spectra to reference it 
to. To that end, we have calculated the INS spectrum using periodic DFT phonon 
calculations in VASP (Vienna Ab initio Simulation Package). These calculations are 
based on the previously published single-crystal structure.113 The symmetry of the 
crystal structure of 4 is 2/m (Space group 14, P21/c), which was used to assign 
symmetries to each phonon using the Phonopy program. This symmetry group is for the 
unit cell, and corresponds to the point group C2h, as there is an inversion center present 
in the unit cell. There are four molecules of 4 in one unit cell of its crystal structure. The 
local symmetry of one molecule is C2v, which has no inversion center. The phonon 
calculations only rely on the symmetry of the unit cell since they are lattice vibrations, 
while magnetic effects such as ZFS stem from the molecular symmetry. The results of 
the calculated spectra are shown in Figures 5.4 and 5.5, where they are compared with 




Figure 5.4. The 20-300 cm-1 region of experimental Raman, far-IR and backscattering 
INS (VISION) at zero field with the calculated INS spectrum. The vertical dashed line 



























Figure 5.5. The 300-1000 cm-1 range of the calculated INS spectrum and the 
experimental Raman and INS (VISION) spectra at 5 K. The experimental far-IR data 
approached zero transmittance above 300 cm-1 due to the amount of sample present. 
Raman data is cut off at 555 cm-1 due to the spectrometer settings. Calculated and 
experimental INS spectra from 1000-4000 cm-1 are found in the Figure D.3 in Appendix 

























energies and symmetries, as well as calculated back- and forward-scattering intensities 
(by VISION) are displayed in Table D.1 in Appendix D. 
The comparison of the calculated and experimental INS spectra shows a 
reasonable match throughout the entire range, even though many peaks do not line up 
exactly. Below approximately 150 cm-1, the calculation does not accurately simulate the 
finer structure, only fitting to the general shape of the spectrum. This is normal, as the 
low-energy region of the INS spectrum is notoriously difficult to calculate. As a result, 
these calculations are not useful for comparison with the VISION spectrum to determine 
the location of the ZFS peak, but do provide insight into the phonon motions for each 
calculated mode. Due to the lack of symmetry selection rules in INS, we expect to view  
all calculated phonons within the entire Brillouin zone in the calculated spectrum. In 
contrast, both far-IR and Raman are limited by such section rules and can only view 
modes originating at the Γ point. Even so, each method provides a unique look at the 
phonon and magnetic modes of 4. Lastly, far-IR and Raman also agree very well with 
magneto-INS data of 4, which was previously published in the Master’s thesis of 
Zhiming Liu as Figure 5.6.119 The magnetic peak is clearly observed at 54 cm-1, but no 
coupling is observed as it shifts to higher energies. 
 
5.4. Conclusion 
 We have presented a comprehensive spectroscopic study of the magnetic and 
phonon features of 4. Far-IR, Raman and INS all accurately determined the magnitude 
of the ZFS peak and revealed several avoided crossings with nearby phonon modes. 
Currently, it is unknown why the magnetic peak interacts mostly with IR-active modes 




Figure 5.6. INS spectra of 4 with applied magnetic fields. Green arrows indicate the 

















observation, as these modes may one day hinder the performance of slow magnetic 
relaxation in high-temperature SMMs. 
 
5.5. Experimental 
5.5.1. Synthesis of Co(AsPh3)2I2 (4) 
Complex 4 was synthesized and crystallized under nitrogen using the Schlenk 
technique according to previously reported methods.113 The compound has been found 
to be slightly air-sensitive. If the product was not handled under nitrogen, a small 
percentage of oxidized Co(O=AsPh3)2I2 may be present in the product of 4. While 4 is 
brown in color, under air the formation of green Co(O=AsPh3)2I2 was observed.  
 
5.5.2. Far-IR and Raman Spectroscopies under Magnetic Fields  
Far-IR and Raman spectroscopic studies were conducted at the National High 
Magnetic Field Laboratory (NHMFL) at Florida State University. For far-IR spectra, the 
powdered samples were mixed with n-eicosane and pressed into pellets approximately 
1 mm thick. Spectra were collected at 4.6 K using a Bruker Vertex 80v FT-IR 
spectrometer coupled with a superconducting magnet (SCM) with fields up to 17 T.  
For Raman spectra, single crystals of 4 were mounted on a brass sample stage. 
Data were collected by a backscattering Faraday geometry using a 532 nm free-beam 
laser at a 14 T SCM in the Electron Magnetic Resonance (EMR) facility. Crystals were 
cooled to 5 K. Collected scattered light was guided via an optical fiber to a spectrometer 




5.5.3. VASP Calculation  
VASP120 calculations were conducted on 4. Geometry optimizations were 
performed based upon the single-crystal X-ray structure of 4 determined at 293 K. The 
optimized structure was used for the phonon calculations. Spin-polarized, periodic DFT 
calculations were performed using VASP with the Projector Augmented Wave 
(PAW)121-122 method and the local density approximation (GGA)123 + U (U = 4.4)85 
exchange correlation functional. An energy cut off was 600 eV for the plane-wave basis 
of the valence electrons. Total energy tolerance for electronic structure minimization 
was 10-8 eV. The optB86b-vdW non-local correlation functional that approximately 
accounts for dispersion interactions was applied.124 For the structure relaxation, a 1  1 
 1 Monkhorst-Pack mesh was applied. Phonopy,125 an open source phonon analyzer, 
was used to create the 1  1  1 supercell structure and extract symmetries. VASP was 









Studies of Zero-Field Splittings and Spin-Phonon 
Couplings in (NBun4)2[ReX4(ox)] (X = Br, Cl; ox = 




Far-IR and Raman spectroscopies have been used to directly determine the 
magnitude of the ZFS barrier in the Re-based compounds (NBun4)2[ReX4(ox)] [X = Br 
(5), Cl (6); ox = oxalate]. 5 displays an obvious coupling between the ZFS peak and 
nearby phonon modes in both far-IR and Raman spectroscopies. Similarly, far-IR 
spectra of 6 show strong couplings of the magnetic transition to multiple phonons in the 
far-IR spectra. These couplings are fit using a spin-phonon coupling model to quantitate 
their strength and illuminate the nature of their interaction. Additionally, phonon 
calculations have been compared with the inelastic neutron scattering (INS) spectra of 6 
to aid in locating the magnetic peak. This work displays the first use of magneto far-IR 
and Raman spectroscopies to study a Re-based single molecule magnet (SMM). 
 
6.2. Introduction 
Single-molecule magnets (SMMs) are under intense interest due to their 
capability to store data on a molecular level. In SMMs, high-spin paramagnetic 
molecules with quenched angular momentum produce bistable magnetic ground states 
separated by an energy barrier.1,4-5,35-39,44-45 This barrier is defined by the zero-field 
splitting (ZFS) parameters D and E, corresponding to the axial and rhombic magnetic 
anisotropy for the metal.4 When maximizing this energy barrier, there are two strategies: 
increase either the overall spin or the axial anisotropy of the molecule. Recently, most 
research has focused on maximizing the D parameter on a single magnetic center.1,4,35 
In many compounds, this ZFS is mediated by excited electronic states. Most transition 
metal SMMs are based on 3d metals.1 However, recently a few 4d and 5d SMMs have 
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been reported, including (NBun4)2[ReX4(ox)] [X = Br (5), Cl (6)]. 
The magnetic properties of 5 and 6, the first Re-based SMMs, were reported by 
Martinez-Lillo et al., where they determined that each possessed large ZFS parameters 
of D = -73 and -53 cm-1, respectively.126 Both also displayed exceptionally large 
rhombicity (E/D = 0.205 and 0.26 for 5 and 6, respectively). The large E/D ratios 
enabled their study by HF-EPR to view the effective S = 1/2 system present due to the 
increased rhombic parameter, but not the direct determination of their exact barrier 
height.126 A computational study by Singh and Rajaraman of other Re-based SMMs 
sought to determine the origin of the large ZFS values in 5 and 6, and found that the 
sign of D can easily be determined for these compounds based on the ligand 
arrangement.127 
While HF-EPR can directly view ZFS transitions, it typically has an upper limit of 
~33 cm-1. The data from 5 and 6 could be studied by HF-EPR due to the large 
rhombicity, essentially making each an effective S = 1/2 system.126 To gain an actual 
account of the barrier height, a different spectroscopic technique was needed. 
Far-IR spectroscopy under magnetic fields is the most common method of 
directly determining ZFS transitions after HF-EPR.5,25,31 Since ZFS transitions are 
magnetic dipole transitions by nature, they are inherently allowed in far-IR.14 This is 
frequently complicated by phonon peaks prevalent in the low-energy region of far-IR. 
Often, phonon and magnetic peaks can be difficult to distinguish. The application of 
magnetic fields is crucial in elucidating the location of magnetic states, as they tend to 
shift with applied fields, while phonons mostly remain stationary.5  
Another seldom-used method for determination of ZFS transitions is Raman 
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spectroscopy.5 This method has been utilized only twice previously. Both occasions 
afforded the location of magnetic peaks with the application of magnetic fields. Our 
recent study on Co(acac)2(H2O)2 (1) and its isotopologues (1-d4 and 1-d18) accurately 
located the origin of the ZFS peak, but was only visible when in close proximity to 
Raman-active phonons (Chapter 2).31 The ZFS peak effectively stole the intensity of the 
neighboring phonons in an avoided-crossing mechanism. ZFS transitions are magnetic 
dipole-allowed and vanishingly small in Raman spectroscopy. In several cases, the 
peak is only present due to spin-phonon coupling with neighboring phonons.31 
Inelastic neutron scattering (INS) is a powerful method for probing magnetic 
energy levels and phonon modes in d and f complexes. It has attracted increased use 
over the past few years. INS covers a variety of methods and spectrometers.128 
Temperature-dependence can illuminate the presence of magnetic peaks, and it has 
been widely used. The application of magnetic fields to INS is an accurate method to 
determine magnetic levels, as they will noticeably shift with the application of fields. 
Vibrational peaks such as phonons are mostly unaffected by magnetic fields unless 
there is some form of coupling between magnetic peaks and phonons. So far, magnetic 
fields have only sparingly been used in INS for inter KD transitions in SMMs. 
Spin-phonon coupling is the main method of spin relaxation in SMMs.61 Typically, 
this occurs within the range of the energy barrier with either direct or Raman 
mechanisms. Recently, spin-phonon coupling has been viewed between magnetic 
peaks and neighboring phonons in several compounds by optical spectroscopies such 
as far-IR and Raman.31 The nature of these couplings is still under investigation to 
understand the interaction between electrons and phonons. 
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In this work, we spectroscopically observe the ZFS peak in (NBun4)2[ReX4(ox)] 
[X = Br (5), Cl (6)] using both far-IR and Raman spectroscopy. Spin-phonon couplings 
are observed in both spectroscopies as avoided crossings. Fittings of these couplings 
provide coupling constants between the spin MS = -3/2  -1/2 transition and phonons.  
 
6.3. Results and Discussion 
 The structure of the anion in 5 and 6 is shown in Figure 6.1-Left. The ZFS 
diagram for an S = 3/2 system with a negative D parameter is shown on Figure 6.1-
Right. With the significant rhombicity in both compounds, the magnetic characters of the 
ground and excited Kramers doublets are effectively mixed. 
 
6.3.1. Far-IR Spectroscopy under Magnetic Field 
 Far-IR spectroscopy under magnetic field is the a powerful method for 
spectroscopically determining the magnitude of the barrier between the bistable ground 
state found in SMMs. Far-IR spectra of both 5 and 6 were collected at 0-17 T and 5 K. 
With an applied magnetic field, the changes are immediately noticeable. In the spectra 
of 5, a magnetic transition was observed originating from 145 cm-1 that shifts to higher 
energies (Figure 6.2). In this case, there is a strong coupling with a phonon at 153 cm-1, 
producing a clear avoided crossing in the contour plot of the normalized data. This data 
can be fit using a spin-phonon coupling model such as the one in Eq. 1.9. There are 
strong changes in both samples with applied magnetic field, especially compared to our 





Figure 6.1. (Left) Structure of the [ReBr4(ox)]2- anion in 5. Atom labels are rhenium 
(green), oxygen (red), carbon (dark gray) and bromine (brown). The structure of the 
[ReCl4(ox)]2- anion in 6 is similar to that in 5. (Right) Zero-field splitting diagram for a D < 




Figure 6.2. (Top) Far-IR spectra of 5 at 0-17 T. (Bottom) Contour plot of the far-IR 
spectra normalized by the average across all fields. White dashed lines indicate results 




















































6 produces slightly different results. The magnetic peak here begins at ~135 cm-1 
and shifts to higher energies with an applied field. There are at least three strong 
phonons in this region, each of which couples with the magnetic peak. These phonons 
undergo changes in both intensity and position in response to only a minor change in 
magnetic field, indicating that these phonons are strongly coupled to the ZFS peak, 
likely leading to large coupling constants (vide infra). 
 5 and 6 both possess local C2v symmetry around the Re(IV) centers and are 
allowed by the same transition as 4 in Chapter 5. The MS = ±3/2 and ±1/2 states are 
defined by the Γ5 (E1/2) representation in the C2v double group (Table F.3 in Appendix 
F). 
Both of these compounds are reported to have a mostly axial magnetic 
anisotropy, corresponding to a negative D value (Figure 6.1). In this case, the main 
transition would be from the MS = -3/2 ground state to the MS = -1/2 excited state. Due 
to the Zeeman effect, we expect this transition to blue-shift with an applied field. It is 
possible that a second transition originating from the MS = +3/2 state. However, since 
the sample was studied at 5 K, Boltzmann statistics dictates that more molecules would 
be at the ground MS = -3/2 magnetic state with increased field. Additionally, due to the 
nature of powder samples, magnetic transitions are expected to broaden with applied 
field as each orientation has a different g value. 
For the normalized contour plots in Figures 6.2 and 6.3, the complex spectra and 
strong coupling can obscure the behavior of the shifting peaks. In addition, the use of 
the normalization (by average) method produces artifacts in certain plots. This is 




Figure 6.3. (Top) Far-IR spectra of 6 at 0-17 T. (Bottom) Contour plot of the far-IR 
spectra normalized by the average across all fields. 





















































normalization method of dividing each spectrum by the field preceding it (TB / TB-1). 
However, even with multiple normalization methods, it is difficult to ascertain the exact 
strength of the couplings. The ZFS peak appears to couple with all phonons in its path 
to various degrees, each one producing an avoided crossing. With this density of 
coupled peaks, we may be able to determine the origin of the ZFS peak due to the 
direction of shifting, but not the magnitude of each coupling. 
 
6.3.2. Spin-Phonon Couplings 
As shown in Figures 6.2 and 6.3, there are multiple spin-phonon couplings, 
displaying themselves as avoided crossings between the magnetic (ZFS) peaks and  
neighboring phonons in its travel path. These couplings can be fit using a simple model 
represented by a 2 x 2 matrix in Eq. 1.9. Here, Esp and Eph correspond to the positions 
of the ZFS and phonon peaks, respectively, at each field. Normally, phonons do not 
shift appreciably and the ZFS peak shifts in a relatively linear fashion. However, when 
the coupling constant (Λ) between them is nonzero, they repel each other as they grow 
closer. Λ corresponds to roughly half the difference in energy between the peaks at their 
closest point.68 
 Eq. 1.9 is used for a simple interaction between a single magnetic peak and a 
single phonon. If there are multiple coupled phonons, the matrix can be expanded to 






𝐸𝑠𝑝 𝛬1 𝛬2 𝛬3
𝛬1 𝐸𝑝ℎ1 0 0
𝛬2 0 𝐸𝑝ℎ2 0
𝛬3 0 0 𝐸𝑝ℎ3)
 
 
       (Eq. 6.1) 
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 On first glance, 5 should be fit using the simple model in Eq. 1.9. However, this 
proves to not provide a suitable fitting. Instead, there appears to be a small phonon 
peak in Figure 6.2-Top at approximately 150 cm-1. When fit using a 3 x 3 matrix such as 
Eq. 3.1, the fit is quite good, giving parameters of 148.5 and 152.0 cm-1 for both phonon 
positions and 2 cm-1 for both coupling constants. 
 The far-IR spectra of 6 were not suitable for fitting by either Eq. 1.9 or Eq. 6.1 
due to their complex nature. While there appear to be only three obvious coupled 
phonons, in fact there are many other IR-active phonons engaged in the coupling as 
well. However, due to their close proximity and strong couplings, these avoided 
crossings are not easily modelled. However, the field-dependent features all appear to 
be blue-shifting. Based on the shift pattern, the ZFS peak is likely the mode at 135 cm-1.  
 
6.3.3. Raman Spectroscopy under Magnetic Field 
Raman spectra of 5 were collected using a single unoriented crystal. As shown in 
Figure 6.4, a strong peak is present at 145 cm-1, which then splits under applied 
magnetic field. Each split peak shifts in a linear fashion, as expected for a measurement 
of the surface of a single crystal. Two of these peaks shift in opposite directions at 
roughly the same rate, and the blue- and red-shifting peaks are likely the MS 
= -3/2  -1/2 and MS = +3/2  +1/2 transitions, respectively. However, in addition to 
the two expected peaks, we see a third peak bisecting them. Initially, one might think 
that this is a coincident phonon. However, this peak shifts linearly, suggesting it may 
have a magnetic origin. In addition, a small phonon at 153 cm-1 has a small avoided 




Figure 6.4. (Top) Stacked Raman spectra of the ZFS peak in 5 at 0-14 T. (Bottom) 
Contour plot clearly showing the shifts of each peak. White dashed lines indicate fitting 


































































coupling constant (Λ) of 0.5(3) cm-1. 
An unexpected feature appeared in the low-energy region of the Raman spectra 
near 0 cm-1, as shown in Figure 6.5. In a typical negative D system, one expects only 
the inter-Kramers doublet (KD) transitions, as the intra-KD MS = -3/2  +3/2 transition 
between the split ground state would be spectroscopically forbidden. Since 5 is reported 
to have a significant rhombicity (E/D = 0.205), there is sizable mixing between each of 
the ZFS states, thus allowing an intra-KD transition. While this peak appears at 7 T and 
6 cm-1, it can be extrapolated to 0 T with a linear trend line, where it lies close to -1 cm-1. 
Our data was collected down to ~3 cm-1. Thus, it is unclear why the peak was only 
observable starting at 7 T and 6 cm-1. Perhaps it is not a coincidence that this is 
approximately the field at which an avoided crossing occurs with the weak phonon at 
153 cm-1. If the MS = -3/2  -1/2 transition stole the intensity from this phonon during 
coupling, perhaps some of the phonon’s vibrational character was transferred to all ZFS 
transitions stemming from the MS = -3/2 state, including the intra-KD MS = -3/2  +3/2 
transition. 
 
6.3.4. EasySpin Simulations 
 To prove the center peak in the Raman spectra was magnetic, we analyzed the 
spectra using the EasySpin program.13,129 By inputting the relevant parameters, i.e., D, 
E/D and g, we simulated the magnetic portion of the spectrum. Since these 
measurements are of single crystals, we also simulated the spectrum at several 
different crystal surfaces, displayed in Figure 6.6. At the [1 0 0] surface (Figure 6.6-




Figure 6.5. (Top) Stacked Raman spectra of the low-energy peak in 5 at 0-14 T. 






































































Figure 6.6. Simulations of the magnetic splitting behavior of 5 using the EasySpin 
program. Parameters used are D = -68.2 cm-1, E/D = 0.205, g = 1.89, 1.90, 1.77. (Top) 
[1 0 0] orientation. (Bottom) [0 1 1] orientation. This simulation also indicates an intra-




splitting pattern with three peaks is in close agreement with our observed spectra. 
 
6.3.5. Inelastic Neutron Scattering 
 6 was studied by INS using the Vibrational Spectrometer VISION, where they 
were studied at temperatures of 5-150 K and zero field. Since VISION has a relatively 
large signal/noise ratio, protonated samples work well in this instrument. With variable-
temperature, the magnetic peak is expected to decrease in intensity at a greater rate 
than phonons of similar intensity. Here, we present experimental and  
calculated VISION spectra of 6.  
 Spectra of 6 reveal mostly weak features which are not very distinct. Given that 
the magnetic peak is believed to originate at approximately 135 cm-1, the same region 
of the VISION spectra shows a significant change when the temperature is raised from 
5 to 50 K. As shown in Figure 6.7, a mode centered at 134 cm-1 at 5 K shifts to 
approximately 132 cm-1 at 50 K. Other peaks do not show similar behavior. This may 
indicate that by 50 cm-1, the magnetic peak has significantly decreased in intensity, with 
the remaining intensity belonging to a 132 cm-1 phonon. When compared with the 
calculated VISION spectrum, the overall agreement is reasonable. However, due to the 
mode weakness and lack of many distinct peaks, the comparison is not useful for mode 
assignment or identification of the magnetic peak. 
 The comparison of the experimental and calculated INS spectra for 6 are 
presented in Figures 6.8 and 6.9. The complete list of modes and their intensities and 





Figure 6.7. VISION spectra of 6 at temperatures of 5 K (black) and 50 K (red). Higher 









































Figure 6.8. Comparison of experimental and calculated VISION spectra of 6 in the 

























Figure 6.9. Comparison of experimental and calculated VISION spectra of 6 in the 

























 (NBun4)2[ReX4(ox)] [X = Br (5), Cl (6)] have been studied by a combination of far-
IR, Raman and INS spectroscopies to directly determine the location of the ZFS barrier 
2D’. Far-IR spectra exhibited spin-phonon couplings as avoided crossings in both 5 and 
6, while Raman displayed a weak coupling in 5. Couplings with phonons in far-IR were 
strong and produced larger coupling constants than in Raman spectroscopy of 5. 
However, few Raman-active phonons are found in the region around the ZFS peak of 5. 
Thus, it is unclear how the magnetic peak would interact with other phonons. 
 
6.5. Experimental 
6.5.1. Synthesis of (NBun4)2[ReX4(ox)] [X = Br (5), Cl (6); ox = oxalate]  
5 and 6 were both synthesized according to previously established 
procedures.126,130 In the IR spectrum of 6, there is a small perrhenate impurity. This is 
not believed to affect any of the magnetic effects studied in this work, as perrhenate is 
nonmagnetic. 
 
6.5.2. Far-IR and Raman Spectroscopies under Magnetic Fields  
Far-IR and Raman spectroscopic studies were conducted at the National High 
Magnetic Field Laboratory (NHMFL) at Florida State University. For far-IR spectra, the 
powdered samples were mixed with eicosane and pressed into pellets approximately 1 
mm thick. Spectra were collected at 4.6 K using a Bruker Vertex 80v FT-IR 
spectrometer coupled with a superconducting magnet (SCM) with fields up to 17 T.  
For Raman spectra, single crystals of 5 were mounted on a brass sample stage. 
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Data were collected by a backscattering Faraday geometry using a 532 nm free-beam 
laser at a 14 T SCM in the Electron Magnetic Resonance (EMR) facility. Crystals were 
cooled to 5 K. Collected scattered light was guided via an optical fiber to a spectrometer 
equipped with a liquid nitrogen-cooled CCD camera. 
 
6.5.3. EasySpin Calculations 
Frequency-dependent far-IR spectra of the ZFS peak were simulated at multiple 
magnetic fields using the “pepper” functionality of EasySpin, an EPR-simulation 
program run in MATLAB. Parameters used were obtained from Ref. 126. 
 
6.5.4. Inelastic Neutron Scattering 
For variable-temperature INS at VISION, a sample of 6 (~0.5 g) were sealed in 
an aluminum container. The INS spectra were measured at 5, 50, 100 and 150 K for 1 
hour at each temperature without magnetic field. VISION,131 an inverted geometry 
instrument, provides data up to 4000 cm-1. The inverted geometry design at VISION 
offers two banks of detectors for both forward (low |Q|) and back (high |Q|) scattering of 
neutrons.131 The phonon population effect was corrected by normalizing the INS 





6.5.5. VASP Calculation 
VASP120 calculations on 6 were conducted. Geometry optimizations were 
performed based upon the single-crystal X-ray structure of 6 determined at 293 K.130 
The optimized structure was used for the phonon calculations. Spin-polarized, periodic 
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DFT calculations were performed using VASP with the Projector Augmented Wave 
(PAW)121-122 method and the local density approximation (GGA)123 exchange correlation 
functional. An energy cut off was 800 eV for the plane-wave basis of the valence 
electrons. Total energy tolerance for electronic structure minimization was 10-8 eV. The 
optB86b-vdW non-local correlation functional that approximately accounts for dispersion 
interactions was applied.124 For the structure relaxation, a 1  1  1 Monkhorst-Pack 
mesh was applied. Phonopy,125 an open source phonon analyzer, was used to create 
the 1  1  1 supercell structure and extract symmetries. VASP was then employed to 









Summaries and Recommendations 
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7.1. Summaries of the Work in the Current Dissertation 
 This dissertation is primarily concerned with the direct determination of magnetic 
energy levels in SMM compounds. Additionally, most of these compounds displayed 
spin-phonon couplings between these magnetic levels and neighboring phonon modes. 
In most transition metal SMMs, the orbital motion of the d-electrons in quenched, 
leading to the presence of zero-field splitting (ZFS). This is effectively a second-order 
spin-orbit coupling effect, having a smaller effect than the crystal field. This is found in 
Co(acac)2(H2O)2 (1) and its isotopologues 1-d4 and 1-d18, [Co(12C4)2](I3)2∙(12C4) (2), 
Co(AsPh3)2I2 (4) and (NBu4n)2[ReX4(ox)] [X = Br (5), Cl (6)] in Chapters 2, 3, 5 and 6, 
respectively.  
 In Chapter 2, far-IR and Raman magneto spectroscopies were used to directly 
determine the magnetic energy levels in Co(acac)2(H2O)2 (1) and deuterated 
isotopologues 1-d4 and 1-d18. In each case, the magnetic level was determined to lie at 
114 cm-1. Far-IR spectra revealed the magnetic dipole-allowed ZFS peak, which blue-
shifted with applied magnetic field. Raman spectra revealed the ZFS peak as well, but 
only when in close proximity to nearby phonons. As the ZFS peak shifted, it stole 
intensity from these phonons via spin-phonon coupling mechanism. Fitting by a vibronic 
model determined these crystals were aligned along the magnetic z-axis. 
 In Chapter 3, [Co(12C4)2](I3)2∙(12C4) (2) was studied by far-IR spectroscopy to 
directly determine the ZFS peak. Inside magnetic fields, the ZFS peak at ~50 cm-1 shifts 
to higher energies, having weak spin-phonon couplings with each IR-active phonon. 
When fitted with a spin-phonon coupling model, coupling constants were extracted to 
understand the interactions between the ZFS peak and each neighboring phonon. 
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 In Chapter 4, far-IR spectra of Er[N(SiMe3)2]3 (3) revealed three separate 
magnetic transitions corresponding to the MJ = ±15/2  ±13/2, ±11/2 and ±9/2 
transitions. Each transition blue-shifts with applied field, as expected, and each couples 
with at least one phonon. Fitting gives the coupling constant for each mode, with the 
exception of the MJ = ±15/2  ±11/2 transition, which was not able to be fit. 
Additionally, the lowest-energy transition matched well with magneto-INS spectra, 
placing this transition at 103 cm-1.  
 Chapter 5 revealed the ZFS peak of Co(AsPh3)2I2 (4) using a combination of far-
IR and Raman spectroscopies. Both methods showed the ZFS peak at 54 cm-1. Far-IR 
spectra displayed spin-phonon couplings with each phonon that the magnetic peak 
crosses. Fitting of these avoided crossings reveal coupling constants for each coupling. 
Raman spectroscopy directly revealed the magnetic peak as well, this time with only a 
single avoided crossing present. Phonon calculations also agree well with INS spectra. 
 In Chapter 6, spectroscopic studies of (NBu4n)2[ReX4(ox)] [X = Br (5), Cl (6)] 
revealed the magnitude of the ZFS peak in both compounds. Additionally, each 
compound was shown to have spin-phonon couplings with neighboring phonons. Those 
of 5 were quantified using both far-IR and Raman spectroscopies. Simulations of the 
magnetic peak in 5 explain the presence of a third peak originating from the splitting of 
the ZFS mode. INS spectra of 6 potentially reveal the magnetic peak with variable-




There are several directions that this work could potentially be taken in the future. 
This work is primarily focused on the spectroscopic determination of magnetic 
transitions in single-molecule magnets and the fitting of spin-phonon couplings these 
transitions have with neighboring phonons. Each chapter reveals the presence of 
avoided crossings in the spectra of each compound, by either far-IR or Raman 
spectroscopies, sometimes both. Currently, we simply fit these avoided crossings to a 
simple spin-phonon coupling model. However, this gives very limited information about 
the interaction between the magnetic and phonon modes. It does not explain how 
relaxation through this coupling might occur. Additional calculations similar to the 
vibronic model performed for Co(acac)2(H2O)2 (1) in Chapter 2 could provide much 
need insight into these processes. 
At the moment, the DFT phonon calculations are somewhat limited in capability. 
They only simulate vibrational modes, which do offer a direct comparison with 
spectroscopic techniques. However, with a deeper understanding of the magnetic levels 
and their couplings to phonon modes, perhaps we could model these couplings before 
actually measuring them spectroscopically.  
While it may not always be possible, I believe it may be prudent to attempt to 
always study single crystals of compounds. This prevents the averaging present in a 
powder sample due to random orientations and gives much sharper peaks. Additionally, 
if we know the orientations of these crystals, we could align them with the magnetic 
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Appendix A. Supporting Information for Chapter 2 
 
Figure A.1. Effect of the vibronic couplings on the KD g-factors. Rhombograms at B = 





























Figure A.2. Raman fitting. Simulated (solid lines) and experimental (circles) positions of 
field-dependent Raman spectra of 1 computed using the vibronic coupling model in Eqs. 
A.4-A.6 along with parameters specified in the text under Figure 2.5 and field directions 





























































Figure A.3. Computed magnetic and phonon positions. A model of two nearly 
degenerate states (lower state from a phonon at energy ħω = 114 cm-1; Upper state 
from a magnetic excitation at energy 115 cm-1) that are coupled at 0 T. Parameters 











































































Figure A.4. Intramolecular intensity distribution. Field dependence of Raman intensity 
of 1 corresponding to branches B, C and D. Irregularities in the reported features are 
due to a noise. 





























Figure A.5. Computed intramolecular intensity distribution. Vibrational-intensity 
distribution of the Raman profile for branches B, C and D, computed using the spin-
phonon coupling model with parameters specified in the text below Figure 2.5 and the 































Figure A.6. Far-IR transmittance spectra. (a) Far-IR transmittance (Bottom) and 
normalized (by the 0 T-Top) transmittance spectra of a powder sample of 1. (b) 
Waterfall plots of the normalized spectra of 1. (c) Far-IR transmittance (Bottom) and 
normalized (by the 0 T-Top) transmittance spectra of a powder sample of 1-d4. (d) 
Waterfall plots of the normalized spectra of 1-d4. (e) Far-IR transmittance (Bottom) and 
normalized (by the 0 T-Top) transmittance spectra of a powder sample of 1-d18. (f) 
Waterfall plots of the normalized spectra of 1-d18. The small feature at ~110 cm-1 is an 




















































































































































Figure A.6. Continued. 
Wavenumber (cm-1)








































































Figure A.7. Expanded far-IR spectra of 1. Normalized (by 0 T) transmittance far-IR 
spectra, illustrating the movement of the ZFS/magnetic peak. Decreased transmittance 




































































Figure A.8. Expanded far-IR spectra of 1-d4. (a,d) Normalized (by 0 T) transmittance; 
(b,c) Transmittance, illustrating the movement of the ZFS/magnetic peak. Decreased 
transmittance at different fields indicates an underlying intensity from the ZFS peak 
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Figure A.9. Expanded far-IR spectra of 1-d18. (a) Normalized (by 0 T) transmittance; (b-
d) Transmittance, illustrating the movement of the ZFS peak. Decreased transmittance 
at different fields indicates an underlying intensity from the ZFS peak moving through 
the region. 
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Figure A.10. Comparison of the calculated phonon spectra of 1 and 1-d4. In the energy 
region around 115 cm-1, the modes are similar. Therefore, only the calculated modes of 













































           
 




















Figure A.16. Effective, principle g-tensor components. For ground-state KD1 and their 
orientation with respect to the molecular frame from NEVPT2/SOC-state interaction 
calculations of 1, the smallest g-tensor value is collinear with the molecular z-axis. The 
g-tensor within the easy equatorial plane is split into a large value of 6.846 contenting 
an angle of only 10° with the bisector of the inter-chelate O-Co-O angle. The 
intermediate principle g value contends an angle of 10° with the direction bisecting each 
O-Co-O chelate angle. 
183 
 
Table A.1. Band maxima positions in Raman spectra. 
Branch (cm-1) A B C D E 
1 
B = 0 
B = 6 
B = 7 
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Table A.2. Comparisons of peak positions of phonons in 1-d4 near the ZFS peak. All 
units are given in cm-1. 
1-d4; Calculated Energy  Symmetrya Peak Label Raman Far-IR 
99.1 Au (𝛤3,4
− ) - - 101.2 
103.6 Ag (𝛤3,4
+ ) - 96.8 - 
107.0 Bg (𝛤3,4
+ ) - 100.2 - 
109.2 Ag (𝛤3,4
+ ) A 115.2 - 
120.3 Au (𝛤3,4
− ) - - 120.0 
125.0 Bu (𝛤3,4
− ) - - 123.4 
126.0 Bg (𝛤3,4
+ ) C 124.4 - 
129.3 Ag (𝛤3,4
+ ) D 129.0 - 
135.6 Bu (𝛤3,4
− ) - - 131.9 
140.1 Au (𝛤3,4
− ) - - 133.8 
142.7  Bg (𝛤3,4
+ ) E 139.2 - 
 
a Symmetries of vibrations are listed following Mulliken notations for the C2h group. The 
vibronic states (in parentheses) are denoted using notations for the C2h double group 
as defined in Table 15 of Ref. 34. 
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Table A.3. Comparisons of peak positions of phonons in 1-d18 near the ZFS peak. All 
units are given in cm-1. 
1-d18; Calculated Energy Symmetrya Peak Label Raman Far-IR 
91.3 Bg (𝛤3,4
+ ) - 90.9 - 
93.5 Au (𝛤3,4
− ) - - 96.9 
95.7 Ag (𝛤3,4
+ ) - 96.4 - 
103.3 Ag (𝛤3,4
+ ) - 106.2b - 
109.8 Ag (𝛤3,4
+ ) - 106.2b - 
114.3 Au (𝛤3,4
− ) - - weak 
116.3 Bg (𝛤3,4
+ ) A 
112.5 (0 T) 
115 (6 T) 
- 
116.6 Bu (𝛤3,4
− ) - - weak 
 
a Symmetries of vibrations are listed following Mulliken notations for the C2h group. The 
vibronic states (in parentheses) are denoted using notations for the C2h double group 
as defined in Table 15 of Ref. 34. 
b Either one of those calculated modes could be attributed to the experimental phonon 
observed at 106.2 cm-1. However, without information on the calculated intensity of 
these Raman-active peaks, a definitive assignment cannot be made. While there are 
two calculated peaks in this region, only the one with experimental intensity is observed.  
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Table A.4. Vibronic model parameters. Parameters and root-mean-square (RMS) 
deviations (cm-1) from a best fit to field-dependent Raman spectra of 1 (B||z) with 
variable E/D values. E/D value is fixed in each fit. (The value of the energy gap 2D = 
(D2 + 3E2)1/2 = 115 cm-1 is taken from the field-dependent far-IR data.) 
E/D 0.0 0.05 0.10 0.15 0.17 0.20 0.25 0.30 
g 1.413 1.602 1.535 1.467 1.492 1.499 1.558 1.648 
ħω1 125.4 125.2 125.3 125.4 125.4 125.4 125.4 125.4 
ħω2 128.1 128.0 128.0 128.1 128.1 128.1 128.0 128.0 
ħω3 141.3 144.1 143.5 140.0 139.5 138.8 138.0 137.5 
E1 1.13 1.14 1.15 1.08 1.14 1.25 1.17 0.89 
E2 0.94 0.94 0.95 1.15 0.88 1.25 1.07 0.84 
E3 2.58 5.97 4.81 2.56 2.66 2.44 2.47 2.74 




Table A.5. Avoided crossing parameters. Experimental and computed energy (cm-1) and 
B (Tesla) of avoided crossings (x) and ΔE (cm-1)/ΔB (Tesla) slopes of the shifting magnetic 
peaks for 1, 1-d4 and 1-d18. 
    






B (T) Energy B Energy B 
Exp. with 1 125.05 7.638 127.99 9.432 138.71 17.541 1.362 
Exp. with 1-d4 124.25 6.488 128.54 8.612 - - 2.017 
Exp. with 1-d18 114.61 0 - - - - - 
Computed 
B||x 
125.12 11.49 129.10 14.48 - - 1.331 
Computed 
B||y 
125.23 8.03 129.31 11.04 - - 1.356 
Computed 
B||z 




Table A.6. Distortion of the O-Co-O bond angles in the equatorial plane. 




















1-d4 126.0 (C) 90.75 90.93 -0.18 0.95(15) 
1-d4 129.3 (D) 90.75 90.85 -0.10 1.00(10) 
1-d4 142.7 (E) 90.75 92.15 -1.4 2.05(10) 
1-d18 116.3 (A) 90.75 89.88 0.87 2.15(10) 
189 
 
Table A.7. Electronic state energies. Non-relativistic S = 3/2 states and their splitting on 
symmetry lowering from Oh to D4h and D2h (NEVPT2 results). Here we have added a 
new column with notations of the non-relativistic terms according to the C2h point group.  
































Table A.8. Parameters of the spin-Hamiltonian of Eq. 2.2.a 
 Dxx Dyy Dzz gx gy gz 
 -13.13 -41.12 54.26 2.574 2.846 1.889 
x 0.78 0.58 0.24 0.79 0.58 0.19 
y -0.57 0.81 -0.12 -0.58 0.81 -0.08 
z -0.26 -0.04 0.96 -0.20 -0.05 0.98 
 
a Deduced from NEVPT2 results and a mapping of the lowest four SOC eigenfunctions 
onto the spin-Hamiltonian of Eq. 2.2. 
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Alternative equation for the analysis of spin-phonon couplings in Raman spectra 
 Eqs. 1.9 and 1.10 describing the coupling between magnetic |ϕsp⟩ and phonon 
|ϕph⟩ peaks in the Raman spectra in Figure 2.2 may also be expressed in Eq. A.1. 
 
𝐸 = 







+ 𝛬2      (Eq. A.1) 
 
Use of the vibronic model for the magnetic field dependent Raman spectra of 1 
Taking a representation of the five basis functions |MS,n1,n2,n3⟩, MS = 1/2,3/2; 
ni = 0,1; i = 1,2,3 as a simple product |MS,n1,n2,n3⟩ = |MS⟩|n1⟩|n2⟩|n3⟩, the following 
Hamiltonian matrix of the problem results:  0,0,0,2/1  0,0,0,2/3 , 0,0,1,2/1 ,
0,1,0,2/1 , 1,0,0,2/1  
 
[
2𝐷 + 2𝛽𝐵𝑔𝑧𝐵𝑧 𝐸1 𝐸2 𝐸3
𝐸1 ℏ𝜔1 0 0
𝐸2 0 ℏ𝜔2 0
𝐸3 0 0 ℏ𝜔3
]         (Eq. A.2) 
 
At zero field, the energy gap 2D ( |±3/2,0,0,0⟩-|∓1/2,0,0,0⟩ ) is 115 cm-1 and thus below 
the energy of the three single excited vibrations at ħω1 = 125 cm
-1, ħω2 = 128 cm
-1 and 
ħω3 = 139 cm
-1. However, this gap is tunable by the field and turns to zero at fields B 
obeying the resonance condition: 
 




From this and taking the best-fit value gz = effective g = 1.46, one can easily rationalize 
the shape of the experimental data points in Figure 2.4. Particularly the increase of the 
values of the field at the avoided crossing points x1, x2 and x3 is well reproduced. 
Focusing on peak B of the spin-phonon plot and passing through the avoided crossing 
point x1, magnetic excitation 0,0,0,2/30,0,0,2/1   converts to a vibrational excitation
0,0,1,2/10,0,0,2/1  . There is twice the change in character of branch C where the 
low-field region due to 0,0,1,2/10,0,0,2/1   is replaced by 0,0,0,2/30,0,0,2/1   
at x1, while the latter in turn converts to 0,1,0,2/10,0,0,2/1   at x2. In branch D, 
0,1,0,2/10,0,0,2/1   is converted to 0,0,0,2/30,0,0,2/1   at x2, but the second 
change to 1,0,0,2/10,0,0,2/1  , expected to appear at higher field, falls outside 
the range of field values. Finally, in branch E, initially the 1,0,0,2/10,0,0,2/1   
excitation goes to 0,0,0,2/30,0,0,2/1   at the highest field of 17.54 T (x3). As stated 
above, in the approximation of a purely axial anisotropy, the 0 ,0 ,0 ,2/30 ,0 ,0 ,2/1   
excitation is formally magnetic dipole-forbidden, but gains intensity via mixing of the 
0 ,0 ,0 ,2/1  and 0 ,0 ,0 ,2/3  states via the orthorhombic 𝐸(?̂?𝑥
2 − ?̂?𝑦
2) term. Another 
source of intensity for this transition is the mixing with the Raman-active phonon in the 
vicinity of an avoided crossing point and apparently this mixing dominates the Raman 
intensity of the entire spectrum. Thus, in peak B at a low field far from the avoided 
crossing point x1, mixing between 0,0,0,2/30,0,0,2/1   and 
0,0,1,2/10,0,0,2/1   is small and readily explains the absence of experimental 
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points. As stated above, the E term is large, such that a more precise consideration of 
the data in Figure 2.4 is needed. In order to analyze this phenomenon of spin-phonon 
(vibration) entanglement in more quantitative terms, we have extended the model of Eq. 
A.2 to a Hamiltonian matrix taking into account all basis functions |MS,n1,n2,n3⟩  (MS = 
3/2, 1/2, -1/2, -3/2; n1, n2, n3 = 0, 0, 0; 1, 0, 0; 0, 1, 0; 0, 0, 1). This leads to the four-by-








?̂?𝑆 ?̂?𝑆−𝑣𝑖𝑏1 ?̂?𝑆−𝑣𝑖𝑏2 ?̂?𝑆−𝑣𝑖𝑏3
?̂?𝑆−𝑣𝑖𝑏1 ?̂?𝑆 + ℏ𝜔1𝐼 0 0
?̂?𝑆−𝑣𝑖𝑏2 0 ?̂?𝑆 + ℏ𝜔2𝐼 0





   (Eq. A.4) 
  
The same expressions for the spin-Hamiltonian matrix ?̂?𝑆 in Eq. A.5 and the spin-
phonon coupling sub-diagonal matrices ?̂?𝑆−𝑣𝑖𝑏1, ?̂?𝑆−𝑣𝑖𝑏2 and ?̂?𝑆−𝑣𝑖𝑏3 in Eq. A.6 apply, 















(𝐺𝑥𝑥 − 𝑖𝐺𝑦𝑦) √3𝐸 0
√3
2
(𝐺𝑥𝑥 + 𝑖𝐺𝑦𝑦) −𝐷 +
1
2
𝐺𝑧𝑧 (𝐺𝑥𝑥 − 𝑖𝐺𝑦𝑦) √3𝐸




















 (Eq. A.5) 
 
?̂?𝑆−𝑣𝑖𝑏 = [
𝐷′ 0 𝐸′ 0
0 −𝐷′ 0 𝐸′
𝐸′ 0 −𝐷′ 0
0 𝐸′ 0 𝐷′




where Gii = βgiBi denotes the Zeeman interaction for fields in i = x, y, z directions.  
 
This Hamiltonian has been diagonalized under the following simplifying 
assumptions: 
1) Parameters of the spin-Hamiltonian D, E, gx, gy and gz are not reliably known. In 
the simulation of the Raman spectrum, a single isotropic g was used. 
2) Field-dependent far-IR spectra of 1 allow us to set with confidence the energy 
separation ΔE (expressed as 2√𝐷2 + 3𝐸2) between the ground-state KD1 and 
excited-state KD2 at 115 cm-1. 
3) We have chosen the ab initio (NEVPT2) ratio λ = E/D = 0.17 to derive D = 55.16 
and E = 9.38 cm-1 but, as pointed out above, simulations of the experimental 
Raman data turn out to be insensitive to the E/D ratio (Table A.4). 
4) The parameters D1, D2 and D3 for the three vibrations were set to zero. 
5) ħω1, ħω2 and ħω3 and E1, E2 and E3 have been treated as adjustable parameters 
and obtained from a best fit to the reported field-dependent Raman data. 
Finally, one may argue that vibronic coupling affects ground and excited g-factors 
in a way that may depart from the usual spin-Hamiltonian description of Eq. A.5. To 
check this point, we employed the Hamiltonian of Eq. A.4 and computed the ground- 
and excited-state KD g-factors in dependence of E/D in a field of B = 0.25 T in all three 
directions x, y and z and compared the results with simple calculations using only the 
usual spin-Hamiltonian of Eq. A.5. In Figure A.1, the results obtained using the latter 
approximation (solid lines) have been compared with the one accounting for vibronic 
coupling (black points). Results from the two descriptions of the ground-state KD1 g-
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factors are identical. For the excited-state KD2, deviations are present. But, for E/D 
smaller than 0.25, they are not significant (Figure A.1). At E/D values above E/D = 0.25, 
smaller values of gz and gy resulting from the vibronic calculation are obtained. The 
trend of these changes follows Frank Ham’s theorem of vibronic reduction of ground-
state electronic quantities (the Ham effect).132-134 
 
Additional calculations of spin-phonon coupling constants 
The spin-phonon entanglement can be easily rationalized employing a model of 
the MS = -1/2  +3/2 magnetic excitation, 0,0,0,2/30,0,0,2/1   (both levels in their 
ground vibrational states) into three singly, excited vibrational states with the same 
magnetic ground state MS = -1/2: 1,0,0,2/1,0,1,0,2/1,0,0,1,2/10,0,0,2/1  . Notice 
that the magnetic transition MS = -1/2  +3/2 is magnetic dipole-forbidden, but the three 
vibrationally excited ones (in the approximation of the harmonic oscillator) are formally 
allowed. The interaction of these modes with increasing fields requires the use of an 
effective spin-vibrational Hamiltonian such as that in Eqs. A.4-A.6. 
Under these assumptions, magnetic and phonon positions, with magnetic fields 
oriented parallel to the z, x and y canonical axes, have been computed and plotted in 
Figures. 2.5 and A.2a-b, respectively. Inspection of the plots allows the identification of 
data points which strictly follow a linear B vs E dependence and are subjected to 
avoided crossings reflecting spin-phonon entanglement. The B||z plot nicely reproduces 
the three avoided crossing regions with point positions compared with the experimental 
points in Figure 2.5 of the main text. 
Field directions parallel to x and y axes lead to resonances at higher fields that 
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do not match the experimental pattern. 
Lastly, peak A in Raman spectra of 1 and 1-d4, dominated by a phonon shifting 
to larger energies in high fields (Figures. 2.4a-b, black points), has been analyzed using 
the single-mode model.25 In this model, a phonon at 114 cm-1 interacts with the 
magnetic excitation at 115 cm-1 with off-diagonal element E1 = 1 cm-1 which mixes the 
two wavefunctions at 0 T. Due to this mixing, the vibrational state acquires some 
magnetic character, which is responsible for the high-field-high-frequency shift of the 
resonance. It is invariably observed in the Raman spectra of 1 and 1-d4. As shown in 
Figure A.3, the single-mode-coupling model nicely reproduces this feature for all three 
field directions B||z, B||x and B||y. 
 
Mechanism of the intensities in the field-dependent Raman spectra 
Spin-phonon coupling manifested in the avoided crossings (Figure 2.4) and its 
simulation using the vibronic coupling model of Eqs. A.4-A.5 (see Figure 2.5) raise the 
question about the underlying vibronic wavefunctions which also affect the intensity of 
the Raman transitions. These vibronic wavefunctions are linear combinations of the 
basis functions expressed as products of the magnetic sublevels belonging to the S = 
3/2 spin and harmonic oscillator wavefunctions as described in the text, methods 
section, Eqs. 2.5.1-2.5.17. Transitions from the ground-vibronic state dominated by the 
contribution of MS = -1/2 into the manifold of vibronic states stemming from the coupling 
of the MS = 3/2 spin sublevel with the magnetic field B||z are expected to be governed 
by both Raman- and magnetic dipole-allowed contributions to the intensity. In Figure 
A.4, we show the field dependence of the intensity for 1. 
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As discussed in the text, the magnetic peak is not observed at fields up to 6 T. 
This is in accordance with the dominating magnetic-dipolar nature of the transitions, 
which is of lesser intensity than Raman-allowed ones. Starting with B = 6 T, the intensity 
of the data points of branch B (red circles) can be identified as being dominated by the 
vibrational component of the vibronic transitions of the weakly intense, vibrational-
excited state, 125 cm-1. Raman peaks of branch D (green circles) at zero field (128 
cm-1) are with a bigger intensity. However, they lose in intensity when the percentage of 
their magnetic character increases at the higher fields. At the same time, the Raman 
peaks of branch C (blue circles) gain intensity at higher fields where the corresponding 
vibronic wavefunction becomes dominated by a singly excited vibrational mode, 128 
cm-1 belonging to branch D in zero field. Thus, the composition of the vibronic 
wavefunction changes with the field. This induces a redistribution of intensity between 
Raman peaks in branches B, C and D. To simulate this behavior in a rough but correct 
way, we have made explicit use of the computed wavefunctions where, out of the all 
possible transitions, only the component of the product of vibronic wavefunctions with 
contribution from MS = -1/2,0,0,0  MS = -1/2,0,1,0 (128 cm-1, belonging to branch D in 
zero field) is taken into account, thus approximating the intensities of branches B, C and 
D using the expression: 
 
𝐼𝑖 = [𝑐𝑖(𝐵, −1/2,0,1,0)𝑐1(𝐵,−1/2,0,0,0)]
2        (Eq. A.7) 
 
with i = B,C,D and c1 referring to the ground-vibronic state. Using this approximation, we 
qualitatively to semi-quantitatively reproduce Figure A.4 using the field dependence of 
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the intensity (Figure A.5). 
 
Analysis of far-IR transmittance spectra 
 In the transmittance far-IR spectra of powder samples of 1, 1-d4 and 1-d18 
(Figures. A.6-A.9), the magnetic features of the coupled peaks (from the couplings 
between the magnetic transitions and g phonons in Figure 2.3f) are qualitatively 
observed. One of the two coupled peaks, not well resolved, shifts quickly with the field. 
This is the one that carries most of the magnetic features (i.e., the ZFS transition). The 
other coupled peak (at the same field) carries mostly the features of a g phonon and 
thus does not shift much with the fields. The magnetic features of the peak show up in 
far-IR. For example, the 115 cm-1 peak of 1-d4 in Figures. A.6c-d and 8 is from the 
magnetic features of phonon peak A. It only gradually decreases in intensity with field 
increase, as its magnetic features gradually decrease with field increase. However, it 
should be pointed that for the powder sample of 1-d4, some powders may orientate 
along the x-direction. The ϕ1|0⟩  ϕ3|0⟩ magnetic transition along the x-direction (similar 
to trace 2 in Figure 2.6b) may overlap with magnetic features of g phonon peak A here.  
There are field-sensitive u phonons in the far-IR spectra of all three 
isotopologues. In 1 (1-d4), the two phonons at ~125 (124) and ~134 (134) cm-1 near the 
spin-phonon coupled peaks both increase in energy with field. Such hardenings have 
been reported in, e.g., ferromagnetic MOF-like Co[N(CN)2]2.69 Unlike the g phonons that 
undergo spin-phonon couplings (and discussed in the main text), these hardening u 
phonons do not change the spin of the molecule through their molecular or lattice 
vibrations. The 125 cm-1 phonon is predominantly a scissoring motion of the two H2O 
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ligands. The second phonon at 134 cm-1 is mostly a Co-O(acac) stretching mode where 
opposite O atoms have an antisymmetric stretching with the cobalt atom, as VASP 
phonon calculations below show. The other two O atoms do not shift noticeably. The 
123 cm-1 phonon in 1-d18 is a similar mode to the 125 cm-1 mode in 1 and 1-d4, in which 
a scissoring motion of the two H2O ligands occurs. We focus only on the local 
coordination sphere of the cobalt atom, despite these not being localized vibrations. 
  
Additional results of the periodic DFT phonon calculations 
The very low-energy region is full of intermolecular phonon modes whose 
frequencies are very sensitive to the accuracy of the crystal structure model and the 
intermolecular interactions. Frequency calculation of these modes is well known to be 
challenging. Therefore, it is no surprising that the match between experiment and 
calculations is not perfect. Due to the centrosymmetric nature, phonon peaks that are 
observed in Raman will not be observed in far-IR and vice versa. However, we found in 
our data that if a g symmetry mode is coupled to the ZFS peak, it is allowed in far-IR. 
 The modes and thus atomic displacements of 1 and 1-d4 are similar in the region 
of the ZFS peak. Figure A.11. It is evident from the phonon calculations that there is an 
Ag/Bg phonon (peak A) near the ZFS peak in the Raman spectra of 1, 1-d4 and 1-d18. 
The phonon calculations are used to understand the nature of the phonon overlapping 
with the ZFS peak in the far-IR spectra. The calculated peak position suggests there is 
no Au or Bu phonon mode directly overlapping with the ZFS peak (115 cm-1 for 1-d4 
and 112 cm-1 for 1-d18) in far-IR. However, the phonon calculations of the peak 
positions show two phonons of u symmetry in the 115 cm-1 region (i.e., 114.3 and 116.3 
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cm-1, Table A.3) for 1-d18. Experimentally, these features are weak (Figure A.6). In order 
to show the weakness in intensities of these features, the intensities of the far-IR 
phonon modes in this region were calculated (Figure A.11). It is clear there are not 
quantifiable peak intensities from phonon modes in this region, suggesting that these 
peaks must be very weak in far-IR. Far-IR intensities were derived using the method by 
Gianozzi and co-workers.135 The results here suggest that the intensity gradually 
disappearing as the ZFS peak shifts away is of g symmetry and not formally allowed in 
far-IR. As the ZFS moves further away, the coupling to this g symmetry becomes 
weaker and hence disappears as it is not formally allowed. 
The methyl hydrogen (deuterium) atoms have the largest displacements out of 
any atoms in the phonons near the ZFS peak, i.e., A, C, D and E, of 1-d4 (A and B of 
1-d18). However, due to the distance to from these atoms to the Co(II) center (~4.5-5 Å), 
it is hard to imagine they have a large role in magnetic relaxation. Therefore, in the case 
of the aforementioned phonons, these cannot be used to explain the differences in the 
coupling constants Λ. Table A.6 shows the change in the O-Co-O equatorial bond 
angle compared to Λ for the relevant phonon modes. It is clear there is a trend in the 
magnitude of Λ and the distortion of the O-Co-O equatorial bond angle. These bond 
angles are determined from the geometry-optimized crystal structure.  
 
Origin of the orthorhombic splitting in Co(acac)2(H2O)2 (1) 
The presence of two different oxygen ligators in the coordination sphere of Co(II) 
leads to lowering of the symmetry of the six-fold coordinate Co(II) from Oh to the 
observed C2h in 1. The pseudo-tetragonal D4h component of the ligand field stems from 
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the two-axial water ligands with longer Co-O bonds than the four equatorial Co-O bonds 
by the two acac anionic ligands. In such a coordination and taking Cartesian axis 
orientation (x,y,z) as shown in Figure A.12, the dxz,dyz pair of molecular orbitals (with eg 
symmetry in D4h) is more stabilized than the dxy MO (with b2g symmetry). Anisotropic 
Co-O π-interactions, with contributions from the out-of-plane water π-orbital (Figure 
A.11) and intrinsic π-anisotropy due to the π-electronic structure of the acac ligand, 
leads to the splitting of the dxz/dyz orbital pair into b1 and b2 MOs (using the C2 point 
group notations), as shown in Figure A.12. The C2 symmetry of each Co-acac moiety 
leads to the 1:1 mixing of the D4h parent orbitals dyz  dxz to produce symmetry-adapted 
MOs of b2 (dy’z’) and b1 (dx’z’), which interact with corresponding ligand linear 
combinations of the same symmetry Lπ (b2) and Lπ (b1), respectively. The latter orbitals 
have different energies leading to different perturbations of the b2 (dy’z’) and b1 (dx’z’) 
metal-based orbitals as Figure A.12 shows. This leads to a difference in the antibonding 
energy of dy’z’ (𝑒𝜋) and dx’z’ (𝑒𝜋
′ ). Perturbation theory to second order yields the following 
































           (Eq. A.9) 
 
As has been shown elsewhere,136-137 )(()()(()( 1''2'' bLEdEbLEdE zxzy   , and 
)()(3)()(3 12''22'' bLhbdbLhbd zxzy    leading to 𝑒𝜋 > 𝑒𝜋
′  (Figure A.14). For 
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Co(acac)2(H2O)2 (1), because of the presence of two acac ligands, the splitting of the 
dy’z’,dx’z’ orbital set is given by twice the energy difference 𝑒𝜋 − 𝑒𝜋
′ . Interestingly enough, 
the orientation of the two water molecules in the Co(II) coordination sphere adds a 
positive contribution to this splitting. As shown in Figure A.13, the two water ligands are 
aligned with their π-lone pairs almost parallel to metal-based dy’z’ orbital which is 
destabilized with the respect to the dx’z’ MO. For latter orbital, there are no orbitals within 
the plane of the H2O ligands available for π-interactions with the Co(II) ion. An ab initio 
ligand-field diagram, accounting for Co-ligand interactions of both σ- and π-types 
(Figure A.15), shows the C2h low-symmetry splitting of the 3d-based MOs of the Co(II) 
ion. When extended to a many-electron description of the d7 Co(II) ion, these one-
electron effects lead splitting of the octahedral 4T1 ground state of octahedral Co(II) into 
three non-relativistic sublevels at 0 (4Ag), 707 cm-1 (4Bg) and 1175 cm-1 (4Bg) (Table A.7). 
When accounting for spin-orbit coupling, this results in D = 89.4 cm-1 and large E/D = 
0.17 parameters. See also Table A.8. 
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Appendix B. Supporting Information for Chapter 3 
 
 
Figure B.1. (Top) Single crystal of Co(12C4)2(I3)2∙(12C4) (2) used in the reflectance far-










































   
Figure B.2. Raman spectra of 2 with applied magnetic fields up to 14 T. No peaks 
appear to be sensitive to field in this region. 
 
We ran 2 using Raman spectroscopy under magnetic fields, attempting to view 
the ZFS peak. None of the peaks in the region was sensitive to magnetic fields (Figure 
B.2). In fact, there are no observable peaks in the 40-50 cm-1 region at all. For 
molecules with D4d and D4 symmetries, the Raman-active modes are A1, E2 and E3 (D4d) 
and A1, B1, B2 and E3 (D4). As analyzed in the text, the Kramers doublets MS = 3/2 and 






















Appendix C. Supporting Information for Chapter 4 
 
Figure C.1. Spin-phonon coupling model of ν3 in far-IR of Er[N(SiMe3)2]3 (3) by two 





































Figure C.2. Far-IR (Bottom) and normalized (by 0 T) far-IR (Top) spectra of 3 displaying 
a possible weak magnetic transition located at ~285 cm-1. This would theoretically 





























Raman Measurements of 3 under Magnetic Fields 
Raman spectroscopy is a very widely used method to probe the intra-manifold 
transitions of lanthanide ions in solids,30,138 including lanthanide halides and hydroxides, 
lanthanide-doped garnet crystals (e.g., Nd3+:Y3Al5O12 or the Nd:YAG laser material) or 
other host lattices,30 and lanthanide aluminates (e.g., NdAlO3).30 The intra-manifold 
transitions are Raman-active, if they follow the electronic Raman selection rules of 
ΔJ  2, ΔL  2, ΔS = 0. However, electronic Raman selection rules tend to be less strict 
than their vibrational counterparts.30,139 Analyses by the selection rules indicate that the 
transitions, MJ = ±15/2  ±13/2, MJ = ±15/2  ±11/2 and MJ = ±15/2  ±9/2, should be 
allowed in Raman spectroscopy.30,32,139 (References here are found in the preceding 
References section for the dissertation) 
We attempted field-dependent Raman using a direct optics setup coupled with a 
14 T magnet. The sample was mounted inside an air-sensitive sample stage using an 
argon glove box, where the outer layer of the crystal was sheared off. Despite these 
precautions, it is possible that the crystal still experienced slight decomposition. Our 
Raman data showed two field-dependent features at approximately 290 cm-1 (which 
was coupled to a nearby phonon) and 556 cm-1 (which displayed as an inverted peak 
that split under field). The first is relatively close to the supposed ν4 transition (Figure 
C.2). However, we were unable to explain the behavior of the latter and reliably assign it 
to any transition. These data had an abnormally large background, which could be due 
to either the extreme moisture-sensitivity of the sample leading to degradation or 
fluorescence due to the 532 nm laser. We may reattempt to restudy the sample in the 








Figure C.3. Raman spectra of 3 under magnetic fields: (Top-Left) 97-120 cm-1; (Top-
Right) 167-206 cm-1; (Bottom) 235-260 cm-1. These regions correspond to the regions in 




















































































































Appendix D. Supporting Information for Chapter 5 
 









Figure D.2. (Top) Reflectance far-IR spectra of 4 at 0-16 T. (Bottom) Contour plot of 























































Figure D.3. 1000-4000 cm-1 range of the calculated and experimental (VISION) INS 
























Table D.1. Calculated phonons in Co(AsPh3)2I2 (4).a 
Phonon No. Energy (cm-1) Symmetry (C2h) Backb Forwardb 
4 17.026 Bg 6.86449 1.43262 
5 23.061 Ag 5.72141 1.25705 
6 24.24 Bu 6.44907 1.43638 
7 24.446 Au 4.42718 0.990883 
8 24.853 Bg 8.4264 1.89042 
9 25.895 Ag 3.07319 0.691515 
10 26.694 Bg 2.7463 0.61869 
11 27.274 Ag 5.2299 1.17848 
12 27.522 Au 4.43032 1.00154 
13 27.903 Bu 5.95851 1.37081 
14 28.985 Au 6.83514 1.57085 
15 31.217 Bu 1.81761 0.435019 
16 31.384 Bg 3.97218 0.931634 
17 31.595 Ag 6.12508 1.43401 
18 32.307 Ag 5.9605 1.3985 
19 33.055 Bg 4.15589 0.988138 
20 33.098 Au 4.56999 1.08924 
21 35.05 Bg 4.86515 1.17552 
22 35.899 Ag 2.41984 0.586469 
23 36.557 Au 6.22391 1.51506 
24 36.728 Bu 8.32021 2.06563 
25 37.022 Au 7.4211 1.8365 
26 37.341 Bu 6.50454 1.59382 
27 38.264 Bg 7.64722 1.92687 
28 39.54 Ag 4.68033 1.18689 
29 39.834 Au 6.4498 1.64377 
30 40.582 Bu 7.76388 1.96722 
31 41.467 Bg 3.57408 0.900858 
32 42.612 Ag 6.49323 1.66291 
33 43.693 Bu 3.99045 1.02655 
34 44.738 Au 4.32292 1.1275 
35 45.815 Bg 6.96613 1.85725 
36 46.75 Bg 4.52384 1.19671 
37 46.896 Ag 3.87046 1.02299 
38 47.001 Au 5.3177 1.41449 
39 47.787 Bu 3.3829 0.901014 
40 48.753 Ag 6.16033 1.65081 
41 51.003 Bu 6.88999 1.89111 
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Table D.1. Continued. 
Phonon No. Energy (cm-1) Symmetry (C2h) Backb Forwardb 
42 51.319 Bg 3.97567 1.08912 
43 52.257 Au 4.77555 1.32047 
44 53.059 Ag 8.75725 2.4897 
45 53.624 Bu 6.33572 1.7695 
46 54.509 Ag 6.11846 1.72466 
47 55.137 Bu 3.32187 0.929249 
48 55.464 Bg 6.42153 1.80337 
49 55.535 Au 6.00536 1.68493 
50 55.967 Bu 7.16437 2.03187 
51 56.967 Ag 4.25491 1.19923 
52 57.175 Au 6.21327 1.78126 
53 57.463 Bg 4.16466 1.18226 
54 59.255 Ag 7.41161 2.15736 
55 60.073 Bu 6.21763 1.83952 
56 60.104 Au 7.42843 2.20196 
57 60.946 Ag 4.88719 1.42111 
58 61.82 Au 6.22507 1.83245 
59 62.273 Bg 6.37442 1.8925 
60 63.094 Bg 8.30318 2.49506 
61 65.085 Bg 5.14802 1.57191 
62 65.434 Au 3.42077 1.02595 
63 66.292 Bu 4.10331 1.24521 
64 66.957 Au 3.7719 1.15569 
65 67.155 Ag 4.18748 1.2809 
66 67.203 Bg 6.35353 1.94985 
67 68.352 Bu 7.0731 2.21691 
68 70.005 Ag 6.04308 1.93069 
69 70.045 Bu 7.27876 2.28823 
70 70.901 Au 9.33285 2.98994 
71 71.019 Bg 4.3983 1.37905 
72 73.461 Bg 6.81606 2.20741 
73 73.904 Ag 6.9053 2.23541 
74 73.975 Bu 4.71639 1.49975 
75 74.09 Au 8.8733 2.91297 
76 74.704 Ag 7.98583 2.57977 
77 76.141 Au 6.59705 2.17651 
78 77.438 Bg 7.47722 2.47612 
79 79.491 Bu 8.56009 2.89467 
80 80.02 Au 4.89653 1.65909 
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Table D.1. Continued. 
Phonon No. Energy (cm-1) Symmetry (C2h) Backb Forwardb 
81 80.435 Ag 6.19629 2.09791 
82 83.358 Ag 6.1351 2.06934 
83 84.174 Bu 6.30425 2.1324 
84 84.796 Au 6.74592 2.30759 
85 84.853 Bg 6.28154 2.13599 
86 85.813 Ag 6.58669 2.26613 
87 86.267 Au 6.35662 2.19409 
88 90.024 Bu 6.29927 2.23158 
89 90.267 Bg 5.71611 2.04799 
90 90.559 Au 6.4367 2.28297 
91 91.971 Ag 5.3754 1.92569 
92 92.388 Bu 8.07619 2.9035 
93 93.355 Bu 6.61709 2.38589 
94 93.409 Bg 7.19073 2.61966 
95 96.436 Au 6.31896 2.28062 
96 98.591 Bg 6.87762 2.55156 
97 99.034 Bu 6.18997 2.31815 
98 100.734 Ag 6.03247 2.25366 
99 101.437 Ag 5.97939 2.24086 
100 102.824 Bu 6.35938 2.38727 
101 103.396 Bg 6.3667 2.39159 
102 104.955 Ag 5.2994 2.02924 
103 105.223 Au 7.16248 2.73162 
104 107.381 Bg 6.59957 2.55326 
105 108.296 Bu 5.1831 2.0069 
106 108.418 Ag 6.0421 2.3304 
107 108.617 Au 8.34698 3.26624 
108 110.716 Au 2.63299 1.00325 
109 112.161 Bg 2.78315 1.06984 
110 113.986 Bu 6.54559 2.59903 
111 116.626 Bu 5.78661 2.34808 
112 117.31 Bg 7.5967 3.06774 
113 118.707 Ag 6.2725 2.56502 
114 119.606 Ag 7.15258 2.90475 
115 121.392 Au 6.96237 2.87667 
116 122.932 Bg 7.14872 2.96114 
117 123.937 Bu 7.26144 3.02607 
118 125.332 Bg 7.07798 2.98562 
119 126.159 Ag 7.41469 3.12527 
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Table D.1. Continued. 
Phonon No. Energy (cm-1) Symmetry (C2h) Backb Forwardb 
120 126.963 Au 6.94828 2.93668 
121 164.809 Ag 1.94701 0.927639 
122 165.493 Bu 2.12659 1.01732 
123 165.76 Au 2.21183 1.0573 
124 166.725 Bg 2.003 0.957771 
125 172.762 Au 4.14648 2.03468 
126 175.219 Bg 4.49561 2.22761 
127 175.725 Bu 4.32751 2.15011 
128 176.577 Ag 4.43857 2.20551 
129 182.188 Ag 4.54456 2.23795 
130 182.569 Au 4.63369 2.26575 
131 184.581 Bg 4.73217 2.31773 
132 185.155 Bu 4.73253 2.32386 
133 187.667 Bu 3.46804 1.75227 
134 189.841 Bg 3.08912 1.5714 
135 190.319 Ag 3.87519 1.9641 
136 191.866 Au 3.40804 1.7471 
137 194.015 Bg 2.4507 1.24494 
138 194.724 Bu 1.85222 0.930487 
139 194.928 Ag 1.61287 0.801532 
140 195.414 Au 1.84736 0.927651 
141 202.065 Bg 4.00626 2.05825 
142 203.398 Bu 4.25535 2.18316 
143 203.453 Au 4.50811 2.30326 
144 203.828 Au 4.29599 2.21846 
145 204.157 Ag 4.27322 2.2331 
146 205.083 Bu 4.28184 2.19168 
147 205.104 Bg 4.32408 2.21319 
148 205.404 Ag 4.4291 2.24093 
149 209.234 Bu 3.46106 1.84663 
150 210.189 Ag 3.56698 1.92489 
151 211.032 Bg 3.45605 1.84504 
152 211.344 Au 3.5635 1.91094 
153 224.083 Au 3.56917 1.98966 
154 224.874 Bg 3.60649 2.00579 
155 225.286 Ag 3.70575 2.0916 
156 225.297 Bu 3.67956 2.07356 
157 235.066 Au 2.26735 1.24447 
158 235.422 Bu 1.74472 0.947507 
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Table D.1. Continued. 
Phonon No. Energy (cm-1) Symmetry (C2h) Backb Forwardb 
159 235.702 Ag 2.98677 1.64129 
160 235.81 Bg 3.04936 1.68695 
161 236.458 Ag 3.00216 1.64859 
162 236.496 Bu 3.27465 1.81309 
163 236.557 Au 2.37374 1.30794 
164 237.034 Bg 0.692704 0.380932 
165 237.579 Ag 1.0504 0.583584 
166 237.646 Bg 3.01815 1.68876 
167 238.179 Au 2.55843 1.44449 
168 238.183 Bu 1.66591 0.932936 
169 241.442 Au 3.43799 1.90322 
170 242.012 Ag 3.49172 1.94124 
171 244.412 Bu 3.72716 2.09896 
172 244.644 Bg 3.73402 2.1046 
173 246.255 Au 3.82551 2.13417 
174 246.439 Ag 3.80473 2.12343 
175 247.058 Bu 3.76756 2.10016 
176 247.061 Bg 3.72091 2.07026 
177 256.159 Bu 3.63921 2.035 
178 256.227 Ag 3.611 2.0215 
179 257.108 Au 3.61273 2.02808 
180 257.205 Bg 3.62955 2.03702 
181 304.691 Bu 1.26034 0.774793 
182 305.17 Ag 1.25982 0.775061 
183 305.911 Bg 1.27247 0.785054 
184 305.964 Au 1.25946 0.775456 
185 313.048 Ag 1.41493 0.880744 
186 313.243 Au 1.42441 0.886768 
187 313.534 Bu 1.46713 0.917196 
188 313.964 Bg 1.46618 0.916575 
189 316.648 Bu 1.28872 0.792884 
190 316.932 Bg 1.27103 0.780628 
191 317.096 Au 1.29129 0.795468 
192 317.314 Ag 1.29462 0.798424 
193 319.668 Au 1.38786 0.869967 
194 319.68 Bu 1.36196 0.852316 
195 319.824 Bg 1.40621 0.887009 
196 320.033 Bu 1.49899 0.961436 
197 320.48 Ag 1.38522 0.87017 
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Table D.1. Continued. 
Phonon No. Energy (cm-1) Symmetry (C2h) Backb Forwardb 
198 320.949 Ag 1.46841 0.939556 
199 321.075 Au 1.52066 0.976574 
200 321.165 Bg 1.49382 0.954319 
201 329.557 Bg 1.54547 1.01471 
202 329.719 Au 1.5388 1.00949 
203 330.202 Bu 1.54514 1.01618 
204 330.572 Ag 1.53277 1.00813 
205 385.633 Ag 4.80026 3.79974 
206 385.882 Au 4.75374 3.78029 
207 386.838 Bg 4.72156 3.76713 
208 387.195 Bu 4.77446 3.78335 
209 389.092 Ag 4.66995 3.74718 
210 389.348 Au 4.66474 3.73334 
211 389.594 Bu 4.68097 3.745 
212 391.427 Bg 4.67607 3.72439 
213 391.921 Bg 4.77518 3.76313 
214 392.573 Au 4.82959 3.78426 
215 393.085 Ag 4.78692 3.76963 
216 395.316 Bu 4.71626 3.72308 
217 396.033 Bu 4.51735 3.63534 
218 396.844 Ag 4.59566 3.67131 
219 396.974 Bg 4.54426 3.64011 
220 397.677 Au 4.52108 3.63606 
221 399.983 Bg 4.71994 3.71486 
222 400.469 Ag 4.68257 3.69524 
223 401.059 Au 4.68778 3.69207 
224 401.724 Bu 4.65685 3.67369 
225 404.688 Bg 4.42002 3.55774 
226 404.77 Bu 4.40543 3.54749 
227 405.118 Ag 4.39228 3.54489 
228 405.536 Au 4.38327 3.53664 
229 441.291 Bg 2.9565 2.55205 
230 441.322 Ag 2.94757 2.54617 
231 441.815 Au 2.94552 2.54652 
232 442.064 Bu 2.93568 2.5409 
233 455.986 Ag 2.78572 2.42882 
234 456.388 Bu 2.84491 2.47909 
235 456.488 Au 2.77757 2.42221 
236 457.158 Bg 2.83346 2.46876 
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Table D.1. Continued. 
Phonon No. Energy (cm-1) Symmetry (C2h) Backb Forwardb 
237 460.846 Au 2.87241 2.46244 
238 461.034 Bu 2.90376 2.48868 
239 461.44 Ag 2.86414 2.45946 
240 461.879 Bg 2.85542 2.45244 
241 462.42 Bu 2.72179 2.36998 
242 462.624 Ag 2.74763 2.38472 
243 462.657 Au 2.72213 2.36484 
244 463.152 Bg 2.65658 2.32271 
245 468.866 Bu 2.75033 2.37222 
246 468.884 Au 2.76603 2.38114 
247 469.684 Ag 2.71786 2.34001 
248 469.71 Bg 2.71369 2.33657 
249 474.345 Ag 2.60451 2.3526 
250 475.308 Bu 2.61011 2.35688 
251 475.575 Bg 2.60304 2.3495 
252 475.873 Au 2.57492 2.3257 
253 604.136 Bg 1.36154 1.10185 
254 604.144 Ag 1.36253 1.10292 
255 604.386 Bu 1.36396 1.10525 
256 604.407 Au 1.36301 1.10433 
257 605.12 Ag 1.35375 1.09777 
258 605.225 Au 1.34768 1.09505 
259 605.353 Bu 1.33214 1.08514 
260 605.364 Bg 1.35922 1.09998 
261 605.538 Au 1.36341 1.10245 
262 605.786 Ag 1.35566 1.09848 
263 605.893 Bu 1.37243 1.10406 
264 606.108 Bg 1.35769 1.09921 
265 606.147 Au 1.36503 1.10334 
266 606.323 Bg 1.35287 1.09774 
267 606.325 Ag 1.35284 1.09704 
268 606.373 Ag 1.37459 1.10525 
269 606.454 Bu 1.38306 1.11124 
270 606.747 Bu 1.36213 1.10525 
271 606.86 Bg 1.37681 1.10542 
272 606.977 Au 1.37865 1.10583 
273 607.434 Ag 1.32847 1.08476 
274 607.744 Bg 1.31996 1.08395 
275 607.973 Au 1.31101 1.07656 
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Table D.1. Continued. 
Phonon No. Energy (cm-1) Symmetry (C2h) Backb Forwardb 
276 608.497 Bu 1.31728 1.08032 
277 656.554 Ag 1.17369 1.00944 
278 656.94 Au 1.16007 0.998968 
279 657.044 Bg 1.14073 0.98598 
280 657.092 Bu 1.13722 0.985722 
281 657.374 Ag 1.16464 1.00554 
282 657.912 Au 1.15515 0.996791 
283 657.945 Bu 1.19694 1.02433 
284 657.981 Bg 1.18315 1.01272 
285 658.163 Ag 1.17702 1.00439 
286 658.231 Au 1.19747 1.02434 
287 658.372 Bu 1.1814 1.0137 
288 658.595 Bg 1.18131 1.00876 
289 659.587 Bg 1.18396 1.01135 
290 659.737 Ag 1.21072 1.02667 
291 660.127 Bu 1.18032 1.00502 
292 660.349 Au 1.17968 1.0085 
293 660.652 Ag 1.15665 0.987035 
294 660.84 Au 1.15629 0.99014 
295 660.903 Ag 1.15627 0.991886 
296 661.026 Bg 1.16359 1.00327 
297 661.027 Bu 1.163 1.00594 
298 661.276 Au 1.18813 1.01361 
299 661.339 Bg 1.17957 1.00598 
300 661.501 Bu 1.18247 1.00769 
301 683.127 Bu 4.00006 4.40947 
302 685.052 Bg 3.68949 4.05698 
303 685.791 Au 3.63009 3.9972 
304 685.899 Ag 3.49386 3.84081 
305 686.258 Bu 3.4422 3.77634 
306 686.804 Bu 3.52374 3.8648 
307 687.092 Bg 3.335 3.66517 
308 688.04 Bg 3.09966 3.39704 
309 689.044 Ag 3.41088 3.68678 
310 689.362 Au 3.19614 3.49356 
311 689.712 Ag 3.00625 3.30003 
312 690.08 Bu 3.24964 3.51757 
313 690.248 Bg 3.41401 3.65832 
314 691.139 Au 3.09329 3.37368 
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Table D.1. Continued. 
Phonon No. Energy (cm-1) Symmetry (C2h) Backb Forwardb 
315 691.445 Au 3.18685 3.45315 
316 691.552 Ag 2.81309 3.07973 
317 692.068 Au 2.91172 3.18473 
318 692.976 Bg 3.07528 3.41425 
319 693.034 Ag 3.04264 3.28881 
320 693.21 Bu 3.14911 3.44499 
321 693.674 Bu 3.06324 3.32004 
322 693.872 Bg 2.81594 3.01946 
323 694.139 Au 3.04254 3.31997 
324 695.006 Ag 2.80899 3.07249 
325 719.102 Bu 3.70005 4.38673 
326 720.719 Bg 4.05772 4.79421 
327 720.852 Bu 4.35866 5.15088 
328 720.964 Au 4.08193 4.89977 
329 722.573 Ag 4.18986 5.01067 
330 722.654 Bu 4.24698 5.0454 
331 722.758 Bg 4.32556 5.15495 
332 724.628 Bg 4.49964 5.35356 
333 725.519 Au 4.59592 5.38076 
334 726.436 Ag 4.65788 5.51181 
335 726.982 Ag 4.67629 5.38082 
336 727.849 Bg 4.74706 5.44634 
337 728.37 Bu 4.67746 5.40238 
338 728.45 Au 4.81797 5.57654 
339 730.253 Au 4.21749 5.0619 
340 730.28 Ag 4.67997 5.56927 
341 730.795 Au 4.80381 5.67232 
342 732.941 Bu 4.37456 5.18863 
343 736.459 Ag 4.51143 5.39008 
344 737.218 Bg 4.49858 5.37703 
345 737.304 Au 4.94151 5.6707 
346 738.585 Bu 5.01327 5.75749 
347 742.942 Ag 5.2092 6.00294 
348 743.182 Bg 5.18751 5.98157 
349 824.779 Ag 4.85659 5.99182 
350 825.514 Au 4.82329 5.96856 
351 826.357 Bu 4.90388 6.03205 
352 827.008 Au 4.66075 5.84475 
353 827.379 Bg 4.9218 6.04832 
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Table D.1. Continued. 
Phonon No. Energy (cm-1) Symmetry (C2h) Backb Forwardb 
354 828.445 Ag 4.6286 5.82176 
355 830.036 Bg 4.81982 5.9616 
356 830.725 Bu 4.7102 5.87818 
357 830.755 Au 4.83641 5.97465 
358 831.224 Ag 4.92602 6.04633 
359 832.981 Bg 4.60536 5.80115 
360 833.511 Bu 4.46201 5.70524 
361 833.58 Ag 4.45149 5.69713 
362 834.388 Bu 4.7498 5.91445 
363 834.399 Au 4.52838 5.75567 
364 834.483 Bg 4.47577 5.71776 
365 837.768 Bu 4.44203 5.69063 
366 838.225 Au 4.41886 5.67034 
367 838.673 Bg 4.40762 5.66633 
368 839.157 Ag 4.3905 5.64981 
369 840.346 Bu 4.97133 6.07789 
370 840.76 Au 4.98339 6.08442 
371 846.183 Ag 4.9606 6.07638 
372 846.657 Bg 4.97274 6.08553 
373 895.139 Au 3.97901 5.14961 
374 895.359 Ag 3.97403 5.14453 
375 899.003 Ag 4.10127 5.24931 
376 899.612 Bu 4.20869 5.3369 
377 899.787 Au 4.04009 5.20643 
378 900.346 Bg 4.22752 5.35639 
379 901.291 Au 4.26854 5.38788 
380 901.378 Ag 4.18288 5.32158 
381 901.59 Bg 4.07054 5.23485 
382 901.751 Bu 4.08972 5.25224 
383 903.641 Bu 3.83634 5.04763 
384 903.728 Au 3.84686 5.05696 
385 905.039 Bg 3.85963 5.07154 
386 906.437 Ag 3.86539 5.08047 
387 906.584 Bu 3.9586 5.16552 
388 906.692 Bg 3.94332 5.15281 
389 911.391 Ag 4.17526 5.32413 
390 911.539 Bg 4.14472 5.29801 
391 912.181 Au 3.86911 5.06511 
392 912.875 Bu 4.10713 5.27054 
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Table D.1. Continued. 
Phonon No. Energy (cm-1) Symmetry (C2h) Backb Forwardb 
393 913.167 Ag 3.79101 5.00412 
394 913.734 Au 4.10277 5.27048 
395 914.151 Bg 3.82189 5.0352 
396 914.31 Bu 3.88798 5.08954 
397 950.862 Ag 3.24918 4.43659 
398 951.332 Au 3.23293 4.42745 
399 951.951 Bu 3.38367 4.54669 
400 953.025 Bg 3.37519 4.55196 
401 953.402 Au 3.38329 4.55498 
402 953.49 Bg 3.42777 4.58891 
403 953.826 Ag 3.40324 4.57658 
404 954.007 Bu 3.43405 4.60481 
405 954.064 Ag 3.41314 4.58368 
406 954.526 Au 3.43997 4.60725 
407 956.36 Bg 3.1627 4.37647 
408 957.003 Bu 3.09294 4.31363 
409 957.146 Ag 3.14546 4.35875 
410 957.703 Bg 3.23439 4.43935 
411 957.906 Au 3.11913 4.33679 
412 957.933 Bu 3.23425 4.44352 
413 961.928 Ag 3.27762 4.48637 
414 961.938 Bg 3.25538 4.47123 
415 962.845 Au 3.26365 4.4741 
416 963.4 Bu 3.26606 4.47378 
417 966.668 Bg 3.51414 4.67628 
418 967.071 Ag 3.49935 4.66476 
419 968.064 Au 3.49362 4.6533 
420 968.531 Bu 3.4861 4.64751 
421 972.508 Bu 3.08306 4.37962 
422 972.792 Bg 3.06128 4.37536 
423 973.503 Bg 3.19613 4.45385 
424 973.553 Ag 2.99332 4.30073 
425 974.019 Au 2.98925 4.27252 
426 974.425 Bu 3.14424 4.40951 
427 975.667 Ag 3.10959 4.37977 
428 976.104 Au 3.10489 4.30846 
429 976.521 Ag 3.16458 4.32215 
430 976.55 Bu 3.15796 4.31323 
431 976.73 Bg 3.10037 4.37535 
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432 976.801 Au 3.14499 4.37671 
433 976.974 Bg 3.03347 4.24013 
434 977.479 Bu 3.00602 4.33959 
435 980.806 Ag 2.47347 3.45765 
436 980.925 Au 2.4312 3.40105 
437 981.816 Ag 2.92145 4.09878 
438 981.946 Bg 2.98675 4.19118 
439 983.318 Au 0.999102 1.04355 
440 983.654 Bu 1.03511 1.1003 
441 983.683 Ag 0.960589 0.987252 
442 983.765 Bg 0.99497 1.03468 
443 984.398 Bg 0.993884 1.0567 
444 984.552 Au 1.62746 2.06244 
445 984.685 Bu 1.56317 1.9681 
446 984.746 Bu 1.36463 1.62401 
447 984.892 Ag 0.920588 0.91398 
448 985.342 Bg 0.929477 0.950938 
449 985.364 Bu 0.979321 1.03009 
450 985.477 Ag 1.22515 1.41324 
451 986.034 Au 1.90736 2.4886 
452 986.223 Au 1.20956 1.37304 
453 986.393 Bg 1.02565 1.06922 
454 986.739 Bu 2.04913 2.7266 
455 987.396 Au 1.44958 1.79097 
456 987.415 Ag 1.14001 1.25747 
457 987.608 Bg 1.09386 1.20432 
458 987.863 Bu 1.27712 1.48377 
459 987.961 Au 1.14375 1.28002 
460 988.062 Bg 1.18985 1.3553 
461 988.165 Ag 1.15303 1.30032 
462 988.497 Bu 1.02353 1.08281 
463 991.016 Au 1.59666 2.06728 
464 991.147 Ag 1.57958 2.03981 
465 992.366 Ag 3.13119 4.28958 
466 992.366 Bg 3.21014 4.41049 
467 992.839 Bu 3.14129 4.3166 
468 992.964 Au 3.15485 4.33373 
469 1010.612 Bg 1.60207 1.8396 
470 1010.705 Au 1.62595 1.86678 
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471 1010.763 Bu 1.61521 1.85297 
472 1010.834 Ag 1.62248 1.86348 
473 1012.053 Au 1.6013 1.84463 
474 1012.261 Bg 1.59207 1.8357 
475 1012.842 Bu 1.66417 1.91507 
476 1013.194 Ag 1.61549 1.86598 
477 1014.12 Bg 1.39612 1.63896 
478 1014.154 Ag 1.41488 1.65216 
479 1014.345 Bu 1.46896 1.69999 
480 1014.351 Au 1.40801 1.65779 
481 1014.624 Au 1.59374 1.80042 
482 1014.713 Bu 1.56721 1.79305 
483 1015.019 Bg 1.58397 1.79901 
484 1015.591 Bu 1.64493 1.89439 
485 1015.597 Au 1.68934 1.93548 
486 1015.809 Bg 1.72085 1.96155 
487 1016.025 Ag 1.63604 1.87608 
488 1016.964 Ag 1.75537 2.00146 
489 1017.25 Au 1.51366 1.76007 
490 1017.437 Bu 1.51217 1.75968 
491 1017.469 Bg 1.51606 1.76447 
492 1018.007 Ag 1.56423 1.82132 
493 1055.922 Au 2.47333 2.92149 
494 1055.925 Bu 2.44905 2.89695 
495 1056.252 Bg 2.46995 2.9302 
496 1056.598 Ag 2.4757 2.93927 
497 1057.046 Au 2.49775 3.02071 
498 1057.117 Bu 2.51136 3.01623 
499 1057.144 Ag 2.4931 2.99316 
500 1057.165 Bg 2.53235 3.03891 
501 1059.006 Bu 2.47272 2.94473 
502 1059.487 Bg 2.45833 2.92722 
503 1059.654 Au 2.45945 2.91078 
504 1060.189 Ag 2.45399 2.90972 
505 1060.452 Au 2.40978 2.85594 
506 1060.684 Ag 2.37673 2.8207 
507 1060.897 Bu 2.42464 2.87521 
508 1060.977 Bg 2.43923 2.88827 
509 1064.453 Au 3.33424 4.03354 
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510 1065.269 Bg 3.29073 3.98374 
511 1065.467 Au 3.23099 3.93847 
512 1065.473 Bu 3.29209 3.99607 
513 1065.571 Ag 3.12193 3.79107 
514 1065.781 Ag 3.41678 4.17479 
515 1066.048 Au 2.7261 3.31665 
516 1066.147 Bu 2.75427 3.3368 
517 1066.4 Bg 2.85501 3.46556 
518 1067.105 Ag 2.87227 3.4996 
519 1067.256 Bg 3.18351 3.90568 
520 1067.428 Au 3.21623 3.94458 
521 1067.604 Bg 3.05617 3.70934 
522 1067.627 Bu 2.96917 3.61781 
523 1068.113 Bu 3.41537 4.14745 
524 1068.421 Ag 3.28715 4.02857 
525 1069.578 Bu 3.00105 3.69993 
526 1069.932 Ag 3.01402 3.67301 
527 1070.559 Bg 2.77843 3.40777 
528 1070.684 Au 2.56585 3.12983 
529 1071.05 Bu 2.61233 3.18762 
530 1071.192 Au 2.86126 3.52221 
531 1071.365 Bg 2.75141 3.37786 
532 1071.66 Ag 3.38412 4.12191 
533 1071.927 Bu 3.47061 4.23586 
534 1071.933 Ag 2.41406 2.91964 
535 1071.973 Au 3.45636 4.21776 
536 1072.016 Bg 3.43282 4.19049 
537 1074.484 Au 3.52521 4.2801 
538 1074.505 Ag 3.29625 4.02602 
539 1075.008 Bu 3.34947 4.08467 
540 1075.109 Bg 3.50769 4.25963 
541 1142.199 Bg 4.07973 5.5793 
542 1142.394 Bu 4.06857 5.56708 
543 1142.828 Au 4.15906 5.64522 
544 1142.972 Ag 4.16723 5.65475 
545 1143.337 Bg 4.21925 5.69778 
546 1143.731 Bu 4.15016 5.63368 
547 1144.206 Bg 4.68035 6.08786 
548 1144.315 Ag 4.72819 6.12993 
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549 1144.654 Au 4.70861 6.10842 
550 1144.835 Bu 4.7288 6.12893 
551 1145.367 Au 3.69193 5.22157 
552 1145.664 Ag 3.70836 5.23703 
553 1148.363 Au 4.13251 5.60084 
554 1148.433 Bu 3.64378 5.17221 
555 1148.678 Bg 3.61201 5.14346 
556 1148.934 Ag 4.12184 5.59204 
557 1152.031 Bu 4.16685 5.62327 
558 1152.741 Bg 4.18109 5.63256 
559 1152.924 Ag 4.06177 5.52987 
560 1152.955 Au 4.08302 5.55201 
561 1155.036 Bu 4.47264 5.89216 
562 1155.335 Au 4.48074 5.90033 
563 1155.343 Bg 4.4889 5.9033 
564 1155.509 Ag 4.48617 5.90097 
565 1164.882 Au 4.64891 5.89873 
566 1164.901 Bu 4.64169 5.891 
567 1165.201 Ag 4.64945 5.90281 
568 1165.214 Bg 4.64314 5.8936 
569 1165.353 Bg 4.46601 5.74027 
570 1165.584 Bu 4.51392 5.77648 
571 1165.723 Au 4.49447 5.76172 
572 1167.866 Ag 4.48965 5.75516 
573 1168.144 Bu 4.57701 5.83419 
574 1168.743 Au 4.55898 5.82088 
575 1169.038 Bg 4.58809 5.83671 
576 1169.325 Ag 4.52404 5.79855 
577 1171.654 Bu 4.44749 5.71496 
578 1171.867 Au 4.41244 5.68559 
579 1172.302 Ag 4.44717 5.71989 
580 1172.98 Bg 4.63574 5.87402 
581 1173.325 Au 4.5715 5.82358 
582 1174.554 Bg 4.32387 5.60833 
583 1174.668 Bu 4.49755 5.75651 
584 1175.545 Ag 4.59722 5.84688 
585 1175.845 Au 4.35198 5.63489 
586 1176.97 Bu 4.34929 5.63637 
587 1177.003 Ag 4.2967 5.58735 
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588 1177.062 Bg 4.33457 5.62376 
589 1290.909 Ag 2.9652 3.89798 
590 1291.053 Au 2.96955 3.90447 
591 1291.111 Bg 2.96283 3.89844 
592 1291.205 Bu 2.96872 3.90378 
593 1291.447 Au 3.09415 4.06597 
594 1291.59 Ag 3.11237 4.09389 
595 1291.768 Bu 3.06362 4.02311 
596 1292.146 Bg 3.10353 4.08133 
597 1293.458 Au 3.10983 4.08558 
598 1293.761 Bu 3.12144 4.10331 
599 1294 Ag 3.11424 4.08796 
600 1294.225 Bg 3.09187 4.06184 
601 1296.734 Ag 3.04745 4.04231 
602 1297.113 Bu 3.0586 4.05463 
603 1297.419 Bg 3.03142 4.01793 
604 1297.527 Au 3.02827 4.01744 
605 1298.695 Bu 2.98951 3.97266 
606 1298.711 Bg 2.98925 3.97116 
607 1298.811 Ag 2.99964 3.98217 
608 1299.231 Au 2.96785 3.94273 
609 1301.042 Ag 2.96172 3.93976 
610 1301.256 Au 2.94895 3.92035 
611 1301.376 Bu 2.93463 3.9037 
612 1301.428 Bg 2.9419 3.91229 
613 1323.383 Ag 0.602343 0.7543 
614 1323.404 Au 0.622882 0.781951 
615 1323.427 Bg 0.604915 0.757581 
616 1323.451 Bu 0.615243 0.771573 
617 1325.943 Bg 0.707245 0.904119 
618 1326.008 Au 0.677482 0.864656 
619 1326.262 Bu 0.698383 0.896603 
620 1326.588 Ag 0.557777 0.701541 
621 1326.61 Au 0.470958 0.582142 
622 1326.666 Bg 0.47935 0.594224 
623 1326.684 Ag 0.616649 0.789697 
624 1326.744 Bu 0.491571 0.612751 
625 1327.737 Bg 0.612655 0.776718 
626 1327.877 Bu 0.587777 0.741191 
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627 1327.968 Au 0.645846 0.828187 
628 1328.511 Bu 0.598319 0.761342 
629 1328.529 Bg 0.639596 0.823209 
630 1328.748 Ag 0.54064 0.67593 
631 1328.96 Ag 0.626142 0.794785 
632 1329.137 Au 0.638776 0.815644 
633 1329.37 Ag 0.588127 0.737139 
634 1329.441 Bu 0.564942 0.701774 
635 1330.023 Au 0.522228 0.643703 
636 1330.381 Bg 0.51346 0.631183 
637 1413.488 Bg 1.37465 2.01378 
638 1413.875 Ag 1.27892 1.91316 
639 1414.189 Au 1.4012 2.04109 
640 1414.393 Bu 1.27834 1.91065 
641 1414.564 Bg 1.32131 1.95842 
642 1414.906 Au 1.29278 1.92627 
643 1416.051 Bu 1.2616 1.90307 
644 1416.347 Ag 1.24072 1.88213 
645 1417.979 Bg 1.26592 1.89515 
646 1418.084 Ag 1.5003 2.13066 
647 1418.269 Bu 1.47098 2.10062 
648 1418.618 Au 1.25624 1.88347 
649 1418.696 Ag 1.29567 1.92903 
650 1418.903 Bu 1.31231 1.95158 
651 1419.015 Au 1.24075 1.87162 
652 1419.501 Bg 1.24615 1.88049 
653 1420.652 Ag 1.34304 1.99809 
654 1420.747 Bu 1.33935 1.98858 
655 1420.748 Au 1.34564 2.00271 
656 1420.909 Bg 1.33178 1.98217 
657 1421.832 Ag 1.25951 1.88549 
658 1422.18 Bu 1.24402 1.86792 
659 1423.541 Au 1.37149 2.0006 
660 1423.78 Bg 1.37865 2.00985 
661 1456.014 Ag 1.6146 2.27223 
662 1456.082 Bg 1.6166 2.27573 
663 1456.1 Bu 1.61786 2.27683 
664 1456.243 Au 1.62031 2.28006 
665 1457.84 Bu 1.62589 2.28704 
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666 1457.961 Au 1.60775 2.26747 
667 1458.323 Bg 1.59986 2.26088 
668 1458.331 Bu 1.60933 2.27446 
669 1458.432 Ag 1.60693 2.26697 
670 1458.734 Au 1.62321 2.28875 
671 1458.846 Bg 1.63872 2.30607 
672 1458.981 Ag 1.63205 2.29939 
673 1460.115 Au 1.68842 2.357 
674 1460.194 Ag 1.68835 2.35719 
675 1460.53 Bg 1.69479 2.36505 
676 1460.556 Bu 1.68916 2.35859 
677 1461.751 Au 1.57548 2.24445 
678 1461.752 Ag 1.56724 2.23628 
679 1461.923 Bg 1.50505 2.17712 
680 1462.227 Bu 1.50156 2.17449 
681 1462.247 Ag 1.4945 2.16667 
682 1462.497 Au 1.491 2.16389 
683 1463.117 Bu 1.56524 2.235 
684 1463.284 Bg 1.55772 2.22754 
685 1558.011 Bg 0.385776 0.520051 
686 1558.169 Au 0.384718 0.518641 
687 1558.375 Ag 0.383163 0.515621 
688 1558.585 Bu 0.387434 0.522322 
689 1558.746 Au 0.393698 0.534744 
690 1559.038 Bg 0.39754 0.540886 
691 1559.416 Bu 0.390123 0.534222 
692 1559.45 Ag 0.390541 0.533441 
693 1560.227 Bu 0.387015 0.5257 
694 1560.279 Bg 0.385701 0.524092 
695 1560.558 Ag 0.38625 0.524795 
696 1560.561 Au 0.387595 0.526153 
697 1561.909 Bg 0.392892 0.535118 
698 1561.936 Au 0.381508 0.518453 
699 1561.984 Bu 0.392451 0.534865 
700 1562.024 Bg 0.378029 0.511336 
701 1562.171 Ag 0.388364 0.52796 
702 1562.283 Au 0.392426 0.530609 
703 1562.759 Bu 0.402767 0.540072 
704 1563.158 Bg 0.382375 0.519849 
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705 1563.177 Bu 0.378421 0.516904 
706 1563.204 Au 0.386175 0.524389 
707 1563.211 Ag 0.384106 0.517245 
708 1563.56 Ag 0.376137 0.511458 
709 1564.158 Au 0.378794 0.516022 
710 1564.417 Bg 0.39934 0.538939 
711 1564.42 Bu 0.405843 0.541958 
712 1564.575 Au 0.379667 0.514743 
713 1564.578 Ag 0.394092 0.525442 
714 1564.605 Bg 0.368672 0.503698 
715 1564.619 Ag 0.374803 0.508143 
716 1564.721 Bu 0.390674 0.527316 
717 1564.864 Bg 0.410224 0.550908 
718 1564.884 Bu 0.371209 0.507143 
719 1565.383 Au 0.403931 0.543681 
720 1565.395 Ag 0.388488 0.524775 
721 1565.445 Bu 0.395185 0.530099 
722 1565.45 Bg 0.401457 0.538767 
723 1565.641 Ag 0.399031 0.53512 
724 1565.838 Au 0.382363 0.522174 
725 1566.06 Au 0.407384 0.542281 
726 1566.164 Bg 0.387835 0.526101 
727 1566.458 Bu 0.388797 0.529526 
728 1566.847 Bu 0.397589 0.538424 
729 1566.931 Ag 0.380142 0.515323 
730 1567.04 Bg 0.3989 0.540495 
731 1567.178 Au 0.39599 0.534746 
732 1567.571 Ag 0.393583 0.533383 
733 3032.377 Ag 0.883662 1.58857 
734 3032.649 Au 0.882692 1.5872 
735 3032.684 Bg 0.88256 1.58702 
736 3032.76 Bu 0.882605 1.58706 
737 3040.828 Ag 0.825632 1.50963 
738 3041.037 Bg 0.824485 1.50807 
739 3041.205 Au 0.824264 1.5077 
740 3041.316 Bu 0.823881 1.50717 
741 3052.171 Ag 0.803278 1.47726 
742 3052.273 Bg 0.801427 1.47468 
743 3052.302 Bu 0.801624 1.47495 
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744 3052.487 Au 0.801299 1.47449 
745 3054.339 Ag 0.8378 1.52451 
746 3054.411 Bu 0.838498 1.52534 
747 3054.49 Bg 0.840657 1.52841 
748 3054.522 Au 0.838421 1.52524 
749 3055.614 Ag 0.843326 1.52954 
750 3055.875 Au 0.853713 1.54358 
751 3055.898 Bg 0.854631 1.54481 
752 3055.9 Bu 0.85319 1.54285 
753 3057.933 Ag 0.87125 1.56933 
754 3057.991 Bg 0.864302 1.56009 
755 3058.121 Bu 0.864267 1.56001 
756 3058.28 Au 0.864871 1.56078 
757 3059.869 Ag 0.823124 1.50354 
758 3060.063 Bg 0.82448 1.50556 
759 3060.27 Bu 0.823394 1.50398 
760 3060.277 Au 0.823433 1.50405 
761 3060.374 Ag 0.747222 1.39645 
762 3060.848 Bu 0.726853 1.36726 
763 3060.972 Bg 0.73379 1.37729 
764 3061.021 Au 0.725252 1.36502 
765 3062.212 Ag 0.834203 1.51839 
766 3062.423 Ag 0.56355 1.12848 
767 3062.469 Bg 0.827213 1.50816 
768 3062.69 Au 0.704321 1.33111 
769 3062.783 Bu 0.736861 1.37794 
770 3063.02 Au 0.730017 1.36803 
771 3063.118 Bg 0.593007 1.17108 
772 3063.124 Bu 0.701418 1.32704 
773 3063.429 Ag 0.820474 1.49591 
774 3063.788 Bu 0.761506 1.4142 
775 3063.921 Au 0.757204 1.40859 
776 3064.726 Bg 0.807538 1.4777 
777 3065.141 Bu 0.80273 1.47274 
778 3065.211 Bg 0.796511 1.46386 
779 3065.598 Ag 0.765471 1.42317 
780 3066.252 Ag 0.830562 1.51132 
781 3066.458 Au 0.773839 1.43143 
782 3066.553 Bg 0.774395 1.43511 
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783 3066.592 Au 0.823416 1.50138 
784 3066.645 Bu 0.77816 1.436 
785 3066.741 Bu 0.771627 1.43121 
786 3067.157 Au 0.782753 1.44506 
787 3067.322 Ag 0.730048 1.37075 
788 3067.463 Ag 0.738886 1.38231 
789 3067.497 Bg 0.734634 1.37653 
790 3067.769 Au 0.741291 1.38647 
791 3067.816 Bg 0.742843 1.3887 
792 3067.835 Bu 0.740061 1.38479 
793 3069.422 Ag 0.674149 1.29237 
794 3070.418 Au 0.671315 1.288 
795 3070.527 Bg 0.714406 1.34719 
796 3070.58 Bu 0.686825 1.30923 
797 3070.763 Ag 0.770453 1.42521 
798 3071.176 Au 0.743117 1.3871 
799 3071.222 Bg 0.743196 1.38792 
800 3071.386 Bu 0.730857 1.36993 
801 3071.804 Ag 0.785153 1.44474 
802 3072.752 Bg 0.774191 1.42878 
803 3072.956 Bu 0.810321 1.47991 
804 3073.12 Au 0.794944 1.4582 
805 3074.511 Ag 0.782877 1.44025 
806 3074.679 Bg 0.798489 1.46234 
807 3074.72 Au 0.782023 1.43913 
808 3074.836 Bu 0.782266 1.43922 
809 3075.396 Ag 0.731915 1.3711 
810 3076.175 Ag 0.693552 1.31567 
811 3076.326 Au 0.658751 1.26403 
812 3076.349 Bu 0.667521 1.27716 
813 3076.577 Bg 0.663541 1.27135 
814 3076.734 Ag 0.626358 1.21657 
815 3076.845 Bu 0.709693 1.34009 
816 3076.931 Bg 0.667692 1.27722 
817 3076.937 Au 0.711993 1.34288 
818 3077.017 Bg 0.703383 1.3309 
819 3077.342 Bu 0.665464 1.27387 
820 3077.655 Au 0.681525 1.2975 
821 3078.245 Au 0.789195 1.45285 
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822 3078.321 Bu 0.789379 1.45318 
823 3078.837 Ag 0.776721 1.43548 
824 3079.112 Bg 0.777497 1.43656 
825 3079.826 Ag 0.65929 1.2688 
826 3080.128 Au 0.658971 1.26834 
827 3081.481 Bg 0.670819 1.28483 
828 3081.486 Bu 0.67077 1.28477 
829 3083.854 Ag 0.911724 1.61399 
830 3084 Bg 0.883234 1.57527 
831 3084 Au 0.865141 1.55063 
832 3084.024 Bu 0.881253 1.57262 
833 3085.094 Ag 0.726491 1.36038 
834 3086.165 Ag 0.580134 1.14723 
835 3087.037 Au 0.565821 1.12618 
836 3087.196 Bg 0.58111 1.14904 
837 3087.222 Bu 0.576517 1.14224 
838 3087.335 Ag 0.7497 1.3925 
839 3087.651 Bu 0.766732 1.41775 
840 3087.855 Au 0.763116 1.41243 
841 3088 Bg 0.747316 1.38824 
842 3088.162 Bg 0.774052 1.42759 
843 3088.312 Ag 0.660784 1.26735 
844 3088.563 Bu 0.725354 1.35778 
845 3088.909 Bg 0.633907 1.22809 
846 3088.953 Bu 0.661726 1.26657 
847 3089.214 Au 0.774185 1.42548 
848 3089.547 Au 0.644198 1.24334 
849 3090.082 Ag 0.852412 1.5384 
850 3090.603 Bu 0.857599 1.5457 
851 3090.684 Bg 0.853703 1.54013 
852 3090.855 Au 0.85485 1.54175 
a  The crystal structure of 4 (monoclinic, space group 14) has C2h symmetry. The 
symmetries of the phonon modes are thus in C2h. 




Appendix E. Supporting Information for Chapter 6 
Table E.1. Calculated phonons in (NBu4n)2[ReCl4(ox)] (6).a 
Phonon No. Energy (cm-1) Symmetry (C2h) Backb Forwardb 
4 11.959 Bg 33.15 6.97 
5 12.62 Au 15.03 3.15 
6 14.385 Bu 32.14 7.08 
7 18.321 Ag 21.24 4.76 
8 18.369 Bg 5.52 1.22 
9 18.846 Au 24.68 5.56 
10 20.605 Bu 7.07 1.56 
11 22.222 Au 26.39 6.26 
12 22.772 Ag 18.19 4.26 
13 24.038 Bg 16.37 3.91 
14 25.687 Bu 20.52 4.92 
15 25.951 Ag 12.70 2.96 
16 26.084 Au 21.60 5.19 
17 27.931 Bg 13.51 3.26 
18 28.002 Au 9.08 2.23 
19 29.001 Bu 17.81 4.43 
20 29.271 Bg 16.24 3.98 
21 31.314 Au 12.60 3.12 
22 31.436 Ag 17.39 4.26 
23 32.229 Ag 6.13 1.53 
24 32.327 Au 12.86 3.19 
25 32.365 Bg 9.53 2.39 
26 33.202 Bu 11.57 2.95 
27 34.447 Ag 14.25 3.74 
28 35.693 Bg 16.41 4.31 
29 36.114 Ag 15.62 4.19 
30 36.902 Bu 16.32 4.33 
31 37.728 Bu 13.16 3.46 
32 38.179 Bg 10.86 2.90 
33 38.827 Au 14.05 3.76 
34 40.746 Au 15.89 4.36 
35 41.428 Ag 11.11 2.97 
36 41.79 Ag 12.61 3.42 
37 41.987 Bu 12.66 3.46 
38 42.844 Au 16.80 4.67 
39 43.211 Bg 13.34 3.64 
40 44.874 Bg 12.03 3.41 
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Table E.1. Continued. 
Phonon No. Energy (cm-1) Symmetry (C2h) Backb Forwardb 
41 45.97 Ag 16.00 4.55 
42 47.583 Bu 7.28 2.08 
43 48.781 Bg 15.42 4.68 
44 49.244 Au 10.60 3.06 
45 49.48 Bu 11.94 3.42 
46 49.774 Ag 12.78 3.73 
47 50.705 Bg 11.38 3.37 
48 50.758 Au 10.25 3.05 
49 50.881 Bu 9.36 2.89 
50 50.96 Bg 6.27 1.82 
51 51.176 Au 11.15 3.34 
52 52.83 Ag 10.54 3.16 
53 53.957 Au 11.99 3.65 
54 54.086 Bu 15.80 4.89 
55 54.346 Bg 13.23 3.97 
56 54.551 Ag 13.87 4.21 
57 54.802 Au 14.17 4.41 
58 55.74 Ag 7.36 2.22 
59 56.869 Bu 15.34 4.80 
60 57.514 Au 11.18 3.53 
61 57.944 Bg 14.91 4.67 
62 59.359 Ag 7.08 2.18 
63 60.052 Bu 14.44 4.78 
64 60.074 Au 13.62 4.56 
65 60.245 Bu 15.47 5.07 
66 61.265 Bu 12.22 3.93 
67 61.515 Bg 13.33 4.34 
68 62.3 Bu 12.35 3.99 
69 62.542 Ag 15.65 5.23 
70 62.994 Bg 9.49 2.96 
71 63.984 Ag 13.12 4.39 
72 64.081 Au 11.04 3.61 
73 64.438 Bg 12.71 4.17 
74 65.066 Ag 13.23 4.42 
75 66.156 Au 14.10 4.77 
76 67.478 Bu 16.54 5.61 
77 67.553 Bg 11.44 3.95 
78 67.985 Bg 10.50 3.46 
79 68.987 Bu 14.21 4.86 
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Table E.1. Continued. 
Phonon No. Energy (cm-1) Symmetry (C2h) Backb Forwardb 
80 69.774 Au 17.80 6.29 
81 70.422 Ag 19.27 6.72 
82 70.877 Bg 13.22 4.59 
83 71.294 Au 13.46 4.71 
84 71.35 Ag 12.56 4.47 
85 73.401 Bg 10.70 3.69 
86 73.464 Bu 15.82 5.58 
87 73.879 Ag 13.87 4.92 
88 75.156 Au 13.77 4.83 
89 75.203 Bu 12.77 4.56 
90 75.546 Ag 11.14 3.90 
91 75.922 Bu 12.37 4.53 
92 76.994 Bg 15.00 5.45 
93 78.009 Au 12.78 4.63 
94 79.291 Ag 11.56 4.11 
95 80.033 Bg 13.97 5.10 
96 80.75 Au 12.99 4.80 
97 81.19 Ag 10.93 3.92 
98 81.97 Bu 13.03 4.70 
99 82.451 Au 16.10 5.95 
100 82.982 Ag 18.83 7.18 
101 83.969 Bg 13.84 5.14 
102 85.369 Ag 16.44 6.23 
103 85.597 Au 13.57 5.17 
104 85.6 Bu 17.62 6.98 
105 86.177 Bg 13.80 5.31 
106 87.789 Bu 12.10 4.63 
107 88.066 Au 10.65 4.07 
108 88.679 Bg 18.75 7.47 
109 89.438 Bg 16.19 6.35 
110 89.624 Ag 15.44 6.10 
111 91.247 Au 16.35 6.24 
112 91.747 Ag 14.59 5.75 
113 92.062 Bu 7.69 2.92 
114 94.039 Bu 14.29 5.56 
115 94.59 Bu 10.10 3.94 
116 94.744 Bg 13.17 5.26 
117 96.046 Ag 5.40 2.12 
118 96.165 Au 11.38 4.74 
237 
 
Table E.1. Continued. 
Phonon No. Energy (cm-1) Symmetry (C2h) Backb Forwardb 
119 96.928 Bg 7.64 3.07 
120 97.231 Bu 14.12 5.68 
121 98.121 Bg 14.29 5.70 
122 98.126 Au 12.94 5.18 
123 98.525 Ag 18.61 7.42 
124 100.46 Ag 8.52 3.39 
125 101.55 Bg 11.55 4.68 
126 102.1 Bu 8.80 3.53 
127 103.23 Au 13.16 5.33 
128 104.72 Bu 12.76 5.51 
129 104.85 Au 14.40 6.18 
130 106.09 Bu 11.33 4.66 
131 106.25 Bg 13.63 5.84 
132 106.57 Ag 15.65 6.69 
133 107.87 Au 11.79 5.00 
134 108.12 Ag 9.50 4.11 
135 108.73 Bg 9.81 4.20 
136 109.33 Au 9.25 3.87 
137 110.21 Bg 17.99 7.74 
138 111.13 Bu 9.66 4.09 
139 112.06 Bu 12.48 5.35 
140 113.11 Ag 12.36 5.38 
141 113.15 Au 9.53 4.23 
142 114.01 Bg 12.93 5.58 
143 115.19 Ag 14.77 6.54 
144 115.35 Bg 13.81 6.03 
145 115.8 Bu 14.72 6.55 
146 115.81 Ag 6.01 2.57 
147 115.91 Bg 2.85 1.21 
148 116.28 Au 15.68 6.97 
149 117.76 Bu 10.12 4.50 
150 118.44 Au 6.45 2.82 
151 119.03 Ag 12.15 5.41 
152 124.66 Ag 10.00 4.55 
153 124.84 Bg 11.68 5.36 
154 125.57 Bu 12.03 5.58 
155 125.71 Au 13.26 6.14 
156 127.77 Ag 11.61 5.29 
157 128.2 Bg 10.84 4.98 
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Table E.1. Continued 
Phonon No. Energy (cm-1) Symmetry (C2h) Backb Forwardb 
158 128.93 Bu 11.80 5.44 
159 130 Bg 11.15 5.07 
160 130.2 Ag 10.63 4.90 
161 130.9 Au 11.39 5.24 
162 132.13 Bu 9.11 4.17 
163 132.49 Au 2.55 1.14 
164 132.71 Bg 3.27 1.45 
165 132.91 Bu 5.92 2.68 
166 134.11 Au 10.81 5.00 
167 134.58 Ag 3.79 1.75 
168 135.75 Bu 5.61 2.61 
169 136.21 Ag 3.31 1.55 
170 137.09 Au 2.82 1.30 
171 137.25 Bu 1.68 0.77 
172 137.47 Bg 2.65 1.25 
173 137.59 Au 1.26 0.56 
174 137.86 Bg 2.09 0.96 
175 137.89 Ag 1.01 0.43 
176 141.16 Bu 7.61 3.69 
177 141.27 Bg 10.85 5.28 
178 141.88 Au 11.40 5.53 
179 142.51 Bu 11.64 5.69 
180 143.23 Ag 11.69 5.72 
181 144.15 Bg 10.46 5.08 
182 144.69 Ag 7.26 3.47 
183 146.35 Au 8.11 3.90 
184 149.49 Bu 3.65 1.79 
185 149.5 Bg 2.19 1.06 
186 149.55 Au 4.14 1.99 
187 150.61 Ag 4.16 2.02 
188 151.11 Au 13.19 6.52 
189 151.78 Bu 12.14 5.97 
190 155.43 Bg 15.28 7.75 
191 155.66 Ag 12.85 6.47 
192 156.36 Bu 10.76 5.37 
193 156.99 Au 11.95 6.12 
194 158.05 Bg 10.52 5.29 
195 158.89 Ag 12.35 6.33 
196 158.9 Bu 11.43 5.72 
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Table E.1. Continued. 
Phonon No. Energy (cm-1) Symmetry (C2h) Backb Forwardb 
197 160.68 Bg 10.03 5.01 
198 166.11 Ag 11.12 5.74 
199 166.19 Au 11.43 5.89 
200 168.87 Ag 11.56 6.07 
201 170.19 Au 11.16 5.86 
202 172.1 Au 10.63 5.55 
203 173.32 Bg 11.24 5.83 
204 173.99 Ag 10.75 5.58 
205 174.09 Bu 10.90 5.76 
206 174.73 Ag 10.52 5.56 
207 175.07 Bu 10.80 5.72 
208 175.77 Bg 10.36 5.48 
209 176.81 Au 10.28 5.38 
210 177.88 Bu 10.06 5.21 
211 178.51 Bg 10.06 5.22 
212 182.38 Au 10.93 5.72 
213 182.47 Ag 10.56 5.56 
214 183.33 Bu 11.35 6.04 
215 183.64 Bg 10.92 5.98 
216 183.93 Bg 11.62 6.33 
217 186.91 Bu 10.94 6.12 
218 188.19 Au 11.03 6.21 
219 188.27 Ag 11.09 6.16 
220 193.41 Ag 10.63 6.02 
221 193.57 Bu 10.69 6.07 
222 193.59 Au 10.63 6.04 
223 193.69 Bg 10.60 5.97 
224 198.14 Ag 11.60 6.82 
225 198.97 Bg 11.39 6.64 
226 199.38 Au 11.23 6.63 
227 199.43 Bu 11.08 6.51 
228 214.43 Bg 0.43 0.24 
229 214.47 Au 0.41 0.23 
230 214.74 Bu 0.40 0.22 
231 214.79 Ag 0.35 0.19 
232 231.29 Ag 11.77 8.28 
233 232.05 Bu 12.43 9.31 
234 232.2 Bg 13.03 9.63 
235 232.8 Bg 12.32 8.70 
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Table E.1. Continued. 
Phonon No. Energy (cm-1) Symmetry (C2h) Backb Forwardb 
236 232.86 Bu 15.43 10.86 
237 233.07 Au 9.67 6.89 
238 234.46 Au 9.48 6.81 
239 234.54 Ag 14.32 10.36 
240 234.93 Ag 6.13 4.37 
241 235.35 Bg 8.01 5.89 
242 235.38 Bu 5.68 4.17 
243 236.4 Bg 9.25 6.51 
244 236.52 Bu 7.10 4.75 
245 236.88 Au 8.35 5.90 
246 237.68 Au 11.70 8.75 
247 237.91 Ag 8.21 5.84 
248 238.01 Bg 11.00 7.93 
249 238.65 Bu 8.43 6.04 
250 238.88 Bg 9.94 7.10 
251 239.17 Ag 12.00 8.97 
252 239.66 Au 11.32 8.18 
253 240.66 Ag 10.22 7.05 
254 240.89 Au 9.33 6.69 
255 242.13 Ag 10.01 7.20 
256 242.67 Bu 13.20 9.82 
257 243.98 Bg 8.71 6.21 
258 244.08 Bu 6.85 4.64 
259 244.69 Au 9.19 6.34 
260 244.9 Bg 9.29 6.61 
261 245.91 Ag 9.23 6.56 
262 247 Au 8.77 6.19 
263 247.72 Bu 11.54 8.35 
264 248.15 Ag 8.71 6.20 
265 248.67 Au 11.90 8.76 
266 249.02 Bg 9.23 6.55 
267 249.49 Bu 9.03 6.42 
268 251.6 Au 11.61 8.48 
269 251.79 Ag 11.17 8.20 
270 254.49 Bu 11.00 8.11 
271 254.77 Bg 10.41 7.62 
272 257.84 Bu 6.52 4.38 
273 258.87 Au 6.37 4.16 
274 259.7 Ag 6.17 4.08 
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Table E.1. Continued. 
Phonon No. Energy (cm-1) Symmetry (C2h) Backb Forwardb 
275 260.07 Bg 6.15 4.06 
276 260.42 Au 7.74 5.30 
277 260.98 Bg 8.76 6.18 
278 261.23 Ag 7.33 5.07 
279 261.96 Bu 8.86 6.14 
280 264.1 Bu 11.82 8.68 
281 264.66 Au 11.86 8.62 
282 265.33 Bg 12.14 8.93 
283 265.92 Ag 12.87 9.51 
284 267.78 Bg 13.72 9.65 
285 268.77 Bu 13.34 9.38 
286 269.36 Au 13.90 9.92 
287 270.07 Ag 13.81 9.86 
288 273.23 Bg 0.33 0.18 
289 273.28 Ag 0.36 0.20 
290 273.37 Bu 0.34 0.19 
291 274.48 Au 0.34 0.18 
292 282.08 Ag 13.56 9.71 
293 282.57 Bu 13.62 9.78 
294 282.83 Au 13.49 9.70 
295 283.17 Bg 13.57 9.78 
296 293.01 Bu 0.26 0.14 
297 294.27 Ag 0.48 0.28 
298 295.31 Au 0.26 0.14 
299 296.52 Au 7.52 5.09 
300 297.21 Ag 7.04 4.69 
301 297.79 Bu 7.47 5.06 
302 298.03 Bg 4.20 2.78 
303 298.59 Bg 3.19 2.11 
304 300.05 Bu 7.15 4.71 
305 300.1 Au 6.78 4.44 
306 300.19 Ag 2.34 1.50 
307 301.74 Bg 4.23 2.80 
308 301.85 Au 0.33 0.18 
309 302.11 Bu 0.46 0.27 
310 302.5 Bg 2.75 1.81 
311 302.82 Ag 2.09 1.36 
312 303.15 Bu 0.36 0.21 
313 303.38 Bg 1.05 0.67 
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Table E.1. Continued. 
Phonon No. Energy (cm-1) Symmetry (C2h) Backb Forwardb 
314 303.79 Ag 3.32 2.18 
315 303.8 Au 0.78 0.48 
316 314.72 Ag 8.47 5.65 
317 314.96 Bg 8.33 5.57 
318 314.99 Au 8.40 5.60 
319 315.58 Bu 8.18 5.48 
320 320.06 Ag 0.34 0.19 
321 320.15 Bu 0.74 0.46 
322 321.22 Au 0.40 0.24 
323 321.43 Bg 0.54 0.33 
324 324.63 Bu 6.46 4.37 
325 324.81 Bg 6.60 4.46 
326 325.02 Ag 6.53 4.42 
327 325.15 Au 6.67 4.52 
328 328.26 Bg 0.85 0.55 
329 328.4 Bu 0.90 0.59 
330 328.77 Au 0.92 0.59 
331 328.9 Ag 0.84 0.55 
332 331.9 Au 6.77 4.54 
333 332.06 Bu 6.80 4.58 
334 332.08 Bg 6.78 4.56 
335 332.14 Ag 6.82 4.59 
336 336.43 Bu 6.97 4.69 
337 336.81 Au 6.89 4.64 
338 336.87 Ag 6.96 4.68 
339 337.53 Bg 6.88 4.64 
340 340.43 Ag 0.25 0.15 
341 340.5 Au 0.25 0.15 
342 340.51 Bg 0.18 0.10 
343 340.79 Bu 0.16 0.09 
344 348.33 Bu 7.99 5.52 
345 348.39 Au 7.80 5.38 
346 349.16 Ag 7.33 5.10 
347 349.29 Bg 7.56 5.25 
348 351.55 Ag 7.08 4.96 
349 351.55 Bg 6.85 4.81 
350 352.99 Au 6.54 4.62 
351 353.05 Bu 6.47 4.58 
352 385.1 Au 4.96 3.83 
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Table E.1. Continued. 
Phonon No. Energy (cm-1) Symmetry (C2h) Backb Forwardb 
353 385.35 Bu 4.95 3.82 
354 385.66 Ag 4.93 3.81 
355 386.22 Bg 4.92 3.80 
356 395.01 Ag 4.78 3.71 
357 395.1 Bg 4.79 3.71 
358 396.11 Bu 4.77 3.70 
359 396.38 Au 4.76 3.70 
360 400.24 Bg 4.90 3.96 
361 400.65 Ag 4.87 3.94 
362 400.91 Au 4.95 3.99 
363 401.15 Bu 4.96 4.00 
364 404.21 Bu 5.07 4.07 
365 404.25 Bg 5.09 4.08 
366 404.35 Ag 5.09 4.07 
367 405.15 Au 5.04 4.05 
368 437.93 Bu 4.19 3.34 
369 438.17 Au 5.28 4.23 
370 438.33 Bg 4.74 3.80 
371 438.82 Ag 5.17 4.14 
372 439.2 Ag 0.43 0.31 
373 439.45 Au 0.40 0.28 
374 439.51 Bu 1.42 1.11 
375 440.35 Bg 0.79 0.60 
376 443.11 Bu 4.90 3.99 
377 443.18 Au 4.84 3.93 
378 443.45 Bg 4.94 4.02 
379 443.86 Ag 4.87 3.96 
380 466.64 Ag 4.32 3.63 
381 466.71 Au 4.33 3.64 
382 466.95 Bu 4.32 3.63 
383 467.15 Bg 4.32 3.64 
384 514.77 Au 3.94 3.32 
385 514.78 Ag 3.94 3.31 
386 515.08 Bu 3.94 3.32 
387 515.09 Bg 3.94 3.31 
388 522.69 Bu 4.48 3.70 
389 522.71 Au 4.48 3.70 
390 523.03 Ag 4.47 3.71 
391 523.17 Bg 4.48 3.71 
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Table E.1. Continued. 
Phonon No. Energy (cm-1) Symmetry (C2h) Backb Forwardb 
392 526.15 Bu 4.49 3.72 
393 526.18 Au 4.49 3.73 
394 526.5 Ag 4.48 3.72 
395 526.57 Bg 4.49 3.73 
396 533.33 Ag 0.13 0.08 
397 537.49 Bg 0.12 0.07 
398 537.62 Bu 0.14 0.08 
399 538.15 Au 0.12 0.07 
400 552.04 Bg 4.77 4.07 
401 552.22 Au 4.77 4.07 
402 552.23 Bu 4.76 4.06 
403 552.25 Ag 4.77 4.08 
404 560.83 Bu 0.30 0.23 
405 560.84 Au 0.19 0.13 
406 560.88 Bg 0.13 0.08 
407 561.03 Ag 0.33 0.25 
408 561.58 Bg 4.47 3.85 
409 561.6 Ag 4.28 3.68 
410 561.62 Au 4.40 3.79 
411 561.67 Bu 4.29 3.69 
412 595.99 Bu 3.37 2.97 
413 596.1 Au 3.37 2.98 
414 596.2 Bg 3.37 2.97 
415 596.48 Ag 3.38 2.98 
416 713.65 Ag 6.27 7.47 
417 713.69 Au 6.21 7.42 
418 713.98 Ag 5.32 6.74 
419 714.17 Au 5.33 6.75 
420 714.45 Bg 6.35 7.53 
421 714.51 Bu 6.32 7.50 
422 714.59 Bg 5.28 6.72 
423 714.75 Bu 5.29 6.72 
424 718.18 Bu 5.66 7.02 
425 719.25 Bg 5.66 7.02 
426 719.39 Ag 5.89 7.19 
427 719.47 Au 5.82 7.14 
428 719.76 Bg 5.90 7.17 
429 720.15 Ag 5.72 7.03 
430 720.92 Au 5.69 7.00 
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Table E.1. Continued. 
Phonon No. Energy (cm-1) Symmetry (C2h) Backb Forwardb 
431 721.42 Bg 5.58 6.93 
432 721.55 Bu 5.72 7.01 
433 721.9 Bu 5.90 7.17 
434 722.04 Ag 5.69 6.99 
435 722.3 Au 5.57 6.92 
436 723.83 Ag 5.00 6.49 
437 724.17 Bu 5.13 6.58 
438 724.24 Au 5.34 6.73 
439 724.6 Bg 5.15 6.57 
440 725.81 Bu 6.10 7.23 
441 726.12 Au 6.17 7.30 
442 726.16 Ag 6.12 7.21 
443 726.23 Bg 6.09 7.19 
444 728.18 Ag 6.41 7.54 
445 728.41 Bg 6.38 7.53 
446 729.72 Au 6.27 7.40 
447 729.73 Bu 6.30 7.45 
448 758.07 Au 5.75 6.75 
449 758.28 Ag 5.84 6.84 
450 758.36 Bu 5.78 6.78 
451 758.77 Bg 5.85 6.86 
452 764.21 Bu 0.30 0.29 
453 764.36 Bg 0.66 0.67 
454 764.45 Au 0.32 0.32 
455 764.68 Ag 3.43 3.86 
456 764.88 Bu 3.55 4.02 
457 764.98 Ag 0.33 0.35 
458 765.31 Au 3.58 4.04 
459 765.49 Bg 3.26 3.73 
460 767.28 Ag 3.28 3.59 
461 767.75 Bg 3.37 3.69 
462 767.85 Au 3.73 4.16 
463 768.04 Bu 3.67 4.07 
464 770.56 Ag 4.59 5.53 
465 770.66 Bg 4.52 5.43 
466 771.05 Bu 4.57 5.49 
467 771.1 Au 4.56 5.50 
468 775.99 Au 5.05 5.94 
469 776.29 Ag 5.00 5.89 
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Table E.1. Continued. 
Phonon No. Energy (cm-1) Symmetry (C2h) Backb Forwardb 
470 776.37 Bu 5.09 5.99 
471 776.95 Bg 5.10 6.01 
472 778.91 Ag 3.54 3.93 
473 779.64 Bg 3.85 4.43 
474 780.07 Au 3.14 3.43 
475 780.07 Bu 4.13 4.95 
476 780.55 Bg 4.33 5.29 
477 780.91 Bu 3.80 4.47 
478 781.93 Ag 4.91 6.08 
479 782.17 Au 4.84 6.03 
480 784.36 Au 5.26 6.09 
481 784.38 Bu 5.25 6.08 
482 785.17 Bg 5.25 6.08 
483 785.2 Ag 5.23 6.08 
484 789.43 Au 0.74 0.81 
485 789.56 Ag 0.49 0.50 
486 789.67 Bg 0.30 0.28 
487 789.72 Bu 0.31 0.30 
488 791.78 Bu 5.27 6.29 
489 792.04 Au 4.81 5.75 
490 792.96 Bg 5.29 6.31 
491 793.11 Ag 5.08 6.08 
492 798.54 Ag 4.83 5.57 
493 799.11 Bg 4.77 5.49 
494 799.53 Bu 4.82 5.55 
495 799.68 Au 4.78 5.50 
496 854.54 Au 2.71 3.17 
497 854.94 Ag 2.72 3.19 
498 856.11 Bu 2.68 3.13 
499 856.39 Bg 2.67 3.12 
500 856.42 Au 2.61 3.05 
501 856.62 Ag 2.60 3.05 
502 856.81 Bg 2.63 3.09 
503 856.83 Bu 2.61 3.06 
504 861.17 Bu 2.40 2.72 
505 861.62 Bg 2.37 2.70 
506 861.73 Au 2.39 2.71 
507 861.93 Ag 2.39 2.71 
508 865.84 Bu 0.15 0.13 
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Table E.1. Continued. 
Phonon No. Energy (cm-1) Symmetry (C2h) Backb Forwardb 
509 866.56 Bg 0.17 0.15 
510 869.55 Au 0.13 0.10 
511 874.42 Ag 0.15 0.13 
512 879.69 Au 2.05 2.80 
513 880.16 Ag 2.08 2.82 
514 880.29 Bu 2.05 2.81 
515 881.05 Bg 2.03 2.78 
516 882.89 Au 2.26 2.97 
517 883.25 Bu 2.25 2.97 
518 884.09 Bg 2.22 2.96 
519 884.41 Bu 2.04 2.84 
520 884.76 Ag 2.11 2.90 
521 885.15 Ag 2.19 2.92 
522 885.4 Bg 2.08 2.86 
523 885.47 Au 2.06 2.84 
524 888.35 Au 2.55 3.45 
525 888.56 Bu 2.56 3.44 
526 889.11 Bg 2.54 3.42 
527 889.88 Ag 2.55 3.44 
528 890.02 Bg 2.35 3.28 
529 890.14 Bu 2.33 3.26 
530 890.68 Au 2.31 3.24 
531 890.91 Ag 2.33 3.25 
532 892.66 Au 2.53 3.45 
533 893.08 Ag 2.58 3.48 
534 893.19 Bu 2.58 3.47 
535 893.34 Bg 2.55 3.45 
536 897.06 Bg 2.69 3.58 
537 897.54 Bu 2.65 3.54 
538 897.66 Ag 2.69 3.59 
539 897.79 Au 2.70 3.57 
540 898.31 Bg 2.69 3.57 
541 898.7 Au 2.66 3.53 
542 899 Bu 2.73 3.61 
543 899.69 Ag 2.68 3.56 
544 904.75 Bu 4.18 5.34 
545 905.04 Bg 4.14 5.31 
546 905.47 Ag 4.05 5.18 
547 905.65 Au 4.22 5.40 
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548 905.68 Ag 3.61 4.64 
549 906.64 Au 3.51 4.48 
550 906.68 Bg 3.57 4.55 
551 907.5 Bu 3.58 4.52 
552 908.51 Au 3.71 4.63 
553 908.68 Bu 3.62 4.58 
554 908.91 Bg 3.68 4.59 
555 908.97 Ag 3.71 4.61 
556 936.19 Bg 4.49 5.61 
557 936.72 Ag 4.48 5.58 
558 936.74 Bu 4.43 5.63 
559 936.93 Bu 4.50 5.62 
560 936.96 Bg 4.43 5.63 
561 936.97 Au 4.48 5.62 
562 937.89 Ag 4.40 5.63 
563 937.93 Au 4.42 5.62 
564 954.75 Ag 3.84 4.78 
565 955.2 Bg 3.83 4.77 
566 955.96 Au 3.83 4.76 
567 956.68 Bu 3.82 4.77 
568 958.75 Ag 3.75 4.76 
569 958.79 Bg 3.75 4.76 
570 958.82 Au 3.74 4.75 
571 958.87 Bu 3.74 4.75 
572 963.48 Bu 4.09 5.07 
573 963.63 Au 4.07 5.05 
574 964 Bg 4.09 5.07 
575 964.19 Ag 4.08 5.06 
576 972.91 Bu 2.68 3.23 
577 973.17 Bg 2.71 3.28 
578 973.26 Au 2.74 3.30 
579 973.59 Ag 2.76 3.33 
580 976.68 Bu 2.65 3.19 
581 976.9 Au 2.64 3.18 
582 977.45 Bg 2.66 3.20 
583 977.55 Ag 2.66 3.20 
584 1004.4 Ag 1.33 1.70 
585 1004.4 Bg 1.34 1.72 
586 1004.5 Bu 1.33 1.70 
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587 1005 Au 1.32 1.69 
588 1009.9 Au 1.41 1.80 
589 1009.9 Bu 1.43 1.83 
590 1010 Bg 1.40 1.79 
591 1010.2 Ag 1.40 1.78 
592 1010.7 Bg 1.34 1.71 
593 1010.8 Au 1.32 1.69 
594 1010.9 Bu 1.32 1.69 
595 1011.3 Ag 1.34 1.70 
596 1013.9 Au 1.52 1.90 
597 1014.2 Ag 1.53 1.92 
598 1015 Bu 1.52 1.91 
599 1015.2 Bg 1.52 1.90 
600 1019.4 Au 1.21 1.60 
601 1019.6 Bu 1.18 1.56 
602 1019.8 Bg 1.23 1.61 
603 1020.1 Bu 1.35 1.66 
604 1020.1 Au 1.33 1.65 
605 1020.2 Ag 1.19 1.58 
606 1020.9 Bg 1.39 1.70 
607 1021.9 Ag 1.39 1.71 
608 1024.2 Au 1.29 1.65 
609 1024.6 Bu 1.29 1.65 
610 1025.2 Bu 1.21 1.61 
611 1025.3 Bg 1.21 1.60 
612 1025.9 Ag 1.25 1.61 
613 1026.2 Bg 1.26 1.62 
614 1026.3 Au 1.20 1.59 
615 1028 Ag 1.24 1.63 
616 1028.2 Bg 1.41 1.83 
617 1028.3 Bu 1.43 1.84 
618 1028.5 Au 1.42 1.84 
619 1028.9 Ag 1.38 1.79 
620 1039.2 Bg 1.83 2.33 
621 1039.2 Au 1.84 2.34 
622 1039.4 Bu 1.84 2.33 
623 1039.4 Ag 1.83 2.33 
624 1039.9 Bg 1.82 2.32 
625 1039.9 Bu 1.82 2.33 
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626 1039.9 Ag 1.81 2.31 
627 1040 Au 1.83 2.32 
628 1040 Bu 1.79 2.30 
629 1040.3 Au 1.79 2.31 
630 1040.5 Bg 1.75 2.27 
631 1041.6 Ag 1.73 2.26 
632 1044 Bu 1.98 2.41 
633 1044 Au 1.98 2.41 
634 1044 Bg 1.98 2.41 
635 1044.4 Ag 1.97 2.41 
636 1045.3 Bg 1.98 2.47 
637 1045.3 Bu 1.97 2.46 
638 1045.4 Au 1.97 2.45 
639 1046.3 Ag 2.01 2.49 
640 1050.5 Bg 1.93 2.42 
641 1051.4 Bu 1.89 2.39 
642 1051.9 Au 1.88 2.37 
643 1052 Ag 1.90 2.39 
644 1052.3 Bg 1.99 2.47 
645 1052.5 Bu 2.01 2.49 
646 1052.8 Ag 2.01 2.48 
647 1052.8 Au 2.00 2.48 
648 1055.6 Bg 1.80 2.32 
649 1055.9 Au 1.84 2.36 
650 1055.9 Bu 1.83 2.35 
651 1056.9 Ag 1.84 2.36 
652 1090.9 Au 1.56 2.18 
653 1091 Bg 1.58 2.22 
654 1091.2 Ag 1.57 2.20 
655 1091.5 Bu 1.57 2.20 
656 1091.9 Bu 1.52 2.15 
657 1092.5 Au 1.56 2.19 
658 1092.5 Ag 1.56 2.19 
659 1092.6 Bg 1.55 2.19 
660 1093.1 Bu 1.79 2.42 
661 1093.5 Au 1.80 2.44 
662 1094 Ag 1.81 2.43 
663 1094.1 Bg 1.86 2.50 
664 1094.6 Ag 1.82 2.48 
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665 1094.7 Bg 1.69 2.33 
666 1095 Au 1.75 2.38 
667 1095.5 Bu 1.76 2.41 
668 1097.6 Bu 2.90 3.74 
669 1097.6 Au 2.56 3.34 
670 1098 Bg 2.80 3.62 
671 1098.3 Ag 3.05 3.92 
672 1098.4 Ag 2.21 2.92 
673 1098.5 Au 2.79 3.62 
674 1098.7 Bu 2.44 3.19 
675 1098.9 Bg 2.52 3.29 
676 1118 Bg 1.35 1.82 
677 1118.8 Bu 1.35 1.83 
678 1119 Ag 1.34 1.81 
679 1119.2 Au 1.35 1.82 
680 1120.8 Bu 1.15 1.58 
681 1120.8 Bg 1.14 1.56 
682 1120.8 Au 1.14 1.57 
683 1122.3 Ag 1.13 1.55 
684 1134.3 Bu 1.14 1.51 
685 1134.4 Ag 1.14 1.51 
686 1134.5 Bg 1.17 1.56 
687 1134.7 Au 1.13 1.50 
688 1138 Ag 2.09 2.83 
689 1138.1 Au 2.10 2.85 
690 1139.2 Bg 2.06 2.80 
691 1139.3 Bu 2.12 2.88 
692 1139.6 Au 2.16 2.96 
693 1139.9 Bu 2.14 2.93 
694 1140.6 Ag 2.14 2.93 
695 1140.8 Bg 2.14 2.93 
696 1151.4 Bg 1.53 2.15 
697 1151.5 Bu 1.51 2.14 
698 1151.9 Ag 1.51 2.14 
699 1152.8 Au 1.51 2.14 
700 1153.8 Ag 1.66 2.31 
701 1154.2 Bg 1.64 2.29 
702 1154.3 Au 1.66 2.31 
703 1154.6 Bu 1.65 2.30 
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704 1159.7 Bu 1.51 2.22 
705 1160.1 Au 1.52 2.22 
706 1161.9 Bg 1.52 2.23 
707 1162.1 Ag 1.52 2.23 
708 1163.1 Au 1.41 2.12 
709 1163.4 Ag 1.39 2.11 
710 1163.6 Bu 1.41 2.13 
711 1164.1 Bg 1.40 2.12 
712 1166 Bg 1.61 2.33 
713 1166.1 Ag 1.60 2.32 
714 1166.6 Bu 1.61 2.32 
715 1167.2 Au 1.59 2.31 
716 1176.8 Ag 0.12 0.10 
717 1177 Bu 0.12 0.09 
718 1177 Bg 0.11 0.09 
719 1177 Au 0.11 0.09 
720 1207.1 Bg 2.98 4.10 
721 1207.5 Bu 2.99 4.10 
722 1207.8 Ag 2.97 4.09 
723 1208.2 Au 2.97 4.09 
724 1218.7 Ag 3.22 4.32 
725 1219.2 Bg 3.18 4.27 
726 1219.9 Au 3.23 4.32 
727 1220.2 Bu 3.19 4.28 
728 1220.3 Bg 3.17 4.33 
729 1220.7 Ag 3.14 4.30 
730 1221.1 Bu 3.14 4.30 
731 1221.5 Au 3.12 4.28 
732 1224.9 Bg 3.16 4.25 
733 1225.1 Ag 3.15 4.24 
734 1225.4 Bu 3.14 4.23 
735 1225.6 Au 3.11 4.21 
736 1228 Ag 3.11 4.20 
737 1228.3 Bg 3.12 4.22 
738 1228.3 Au 3.15 4.25 
739 1228.5 Bu 3.15 4.25 
740 1232.8 Bu 2.80 3.94 
741 1232.9 Bg 2.81 3.94 
742 1233.3 Ag 2.82 3.95 
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743 1233.4 Au 2.82 3.95 
744 1235 Ag 2.70 3.83 
745 1235.2 Au 2.70 3.83 
746 1235.7 Bu 2.70 3.84 
747 1235.7 Bg 2.70 3.84 
748 1240.6 Ag 2.91 4.05 
749 1240.7 Bg 2.90 4.04 
750 1240.9 Au 2.92 4.06 
751 1241 Bu 2.91 4.05 
752 1253.6 Ag 2.84 4.02 
753 1253.7 Bg 2.84 4.02 
754 1254.2 Bu 2.90 4.09 
755 1254.5 Au 2.87 4.05 
756 1255.4 Ag 2.94 4.13 
757 1255.5 Au 2.88 4.06 
758 1255.6 Bu 2.87 4.05 
759 1255.7 Bg 2.94 4.12 
760 1260.4 Ag 3.25 4.42 
761 1260.8 Au 3.23 4.40 
762 1260.8 Bg 3.25 4.41 
763 1260.8 Bu 3.24 4.40 
764 1263.1 Au 2.94 4.09 
765 1263.3 Bu 2.90 4.06 
766 1263.5 Bg 2.91 4.06 
767 1263.5 Ag 2.94 4.09 
768 1263.9 Bg 2.68 3.87 
769 1264.1 Bu 2.66 3.85 
770 1264.1 Ag 2.66 3.85 
771 1264.3 Au 2.66 3.86 
772 1266.5 Bu 2.93 4.06 
773 1266.5 Ag 2.98 4.11 
774 1266.8 Au 2.89 4.02 
775 1266.9 Bg 2.96 4.09 
776 1267.6 Bg 2.98 4.12 
777 1267.7 Bu 3.01 4.14 
778 1267.8 Ag 2.93 4.07 
779 1267.8 Au 3.00 4.14 
780 1270.6 Bu 2.74 3.91 
781 1270.7 Au 2.76 3.92 
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782 1270.7 Bg 2.70 3.86 
783 1270.8 Ag 2.73 3.89 
784 1275.3 Au 3.46 4.71 
785 1275.4 Bu 3.45 4.70 
786 1275.5 Bg 3.50 4.76 
787 1275.9 Ag 3.49 4.75 
788 1285.8 Au 3.66 4.97 
789 1286.6 Ag 3.40 4.74 
790 1286.9 Bu 3.53 4.83 
791 1287.2 Ag 3.61 4.93 
792 1287.3 Bg 3.23 4.54 
793 1287.5 Au 3.30 4.64 
794 1287.8 Bg 3.17 4.32 
795 1287.9 Bu 2.85 3.97 
796 1289.1 Bu 1.37 1.87 
797 1289.8 Ag 3.14 4.61 
798 1290 Bg 3.00 4.32 
799 1290.5 Au 3.10 4.49 
800 1290.7 Bu 3.01 4.39 
801 1291.4 Au 2.97 4.27 
802 1291.5 Bg 1.46 2.05 
803 1291.8 Ag 3.50 4.85 
804 1291.9 Bg 3.47 4.67 
805 1292.1 Bu 3.20 4.59 
806 1292.4 Au 3.07 4.12 
807 1292.5 Bg 3.08 4.40 
808 1292.8 Bu 3.52 4.72 
809 1293 Ag 3.45 4.77 
810 1294.4 Au 2.77 3.99 
811 1294.9 Ag 2.90 4.19 
812 1295 Au 1.95 2.72 
813 1295.3 Bg 3.16 4.54 
814 1295.4 Bu 3.06 4.46 
815 1296.2 Bg 3.07 4.46 
816 1296.5 Ag 2.75 4.00 
817 1296.7 Bu 3.27 4.69 
818 1296.8 Ag 1.28 1.77 
819 1297.9 Au 3.03 4.35 
820 1300 Bu 3.72 5.04 
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821 1300.2 Au 3.56 4.89 
822 1300.3 Ag 3.58 4.85 
823 1300.5 Bg 3.82 5.14 
824 1302.7 Au 3.80 5.15 
825 1303.1 Bu 3.74 5.11 
826 1303.4 Bg 3.71 5.11 
827 1303.7 Ag 3.58 4.89 
828 1305.6 Bu 3.13 4.59 
829 1305.7 Ag 3.20 4.65 
830 1305.7 Au 3.22 4.66 
831 1305.9 Bg 3.20 4.65 
832 1307.9 Bu 4.09 5.37 
833 1308.1 Ag 4.10 5.42 
834 1308.2 Bg 4.04 5.35 
835 1308.3 Au 4.12 5.42 
836 1310.6 Ag 4.03 5.35 
837 1310.7 Bu 3.95 5.28 
838 1310.8 Bg 4.03 5.34 
839 1310.8 Au 3.92 5.27 
840 1324.5 Au 3.73 4.94 
841 1325 Bu 3.74 4.95 
842 1325.1 Bg 3.55 4.77 
843 1325.1 Ag 3.68 4.91 
844 1325.6 Bu 3.47 4.68 
845 1325.7 Au 3.48 4.68 
846 1326.2 Ag 3.56 4.73 
847 1326.4 Bg 3.71 4.90 
848 1334.1 Au 2.13 3.15 
849 1334.3 Bu 2.25 3.28 
850 1334.7 Ag 2.60 3.66 
851 1334.8 Bg 2.77 3.85 
852 1335.3 Au 2.87 3.95 
853 1335.5 Ag 2.59 3.65 
854 1335.6 Bg 2.57 3.62 
855 1335.7 Bu 3.29 4.40 
856 1335.7 Ag 2.29 3.34 
857 1336.2 Bu 2.18 3.22 
858 1336.3 Bg 2.20 3.24 
859 1336.5 Au 2.36 3.41 
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860 1337.7 Bu 2.71 3.73 
861 1337.7 Au 2.84 3.87 
862 1338.3 Ag 2.48 3.49 
863 1338.4 Bg 2.42 3.44 
864 1338.8 Bg 3.09 4.14 
865 1339.1 Ag 3.01 4.06 
866 1339.9 Au 2.91 3.96 
867 1340.1 Bu 2.73 3.76 
868 1340.2 Ag 2.65 3.71 
869 1340.3 Au 2.68 3.72 
870 1340.7 Bu 2.75 3.81 
871 1341.2 Bg 2.53 3.57 
872 1341.4 Bg 2.36 3.39 
873 1341.5 Ag 2.15 3.18 
874 1341.6 Bu 2.24 3.27 
875 1341.6 Au 2.23 3.26 
876 1346 Bu 2.18 3.21 
877 1346.1 Au 2.32 3.37 
878 1346.1 Bg 2.24 3.28 
879 1346.3 Bu 2.30 3.34 
880 1346.3 Bg 2.34 3.39 
881 1346.4 Ag 2.15 3.19 
882 1346.8 Au 2.14 3.18 
883 1347.3 Ag 2.42 3.47 
884 1351.3 Bu 1.26 2.33 
885 1351.5 Au 1.36 2.45 
886 1351.6 Ag 1.22 2.28 
887 1351.6 Bg 1.40 2.45 
888 1351.7 Ag 1.39 2.47 
889 1352 Bg 1.20 2.27 
890 1352.1 Bu 1.49 2.56 
891 1352.2 Au 1.37 2.43 
892 1353.4 Bu 2.40 3.51 
893 1354.1 Ag 2.49 3.57 
894 1354.2 Au 2.28 3.36 
895 1354.5 Bg 1.95 3.03 
896 1354.8 Au 1.56 2.59 
897 1355.1 Bu 1.64 2.67 
898 1355.2 Ag 1.69 2.81 
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899 1355.4 Bu 1.27 2.32 
900 1355.7 Au 1.83 2.94 
901 1355.7 Ag 1.68 2.73 
902 1355.9 Bg 2.42 3.49 
903 1356.1 Bg 1.68 2.76 
904 1356.3 Au 1.43 2.43 
905 1356.5 Ag 1.57 2.60 
906 1356.8 Bu 1.00 1.98 
907 1357.4 Bg 1.31 2.38 
908 1357.7 Au 1.14 2.13 
909 1358.4 Au 1.45 2.55 
910 1358.5 Bu 1.10 2.12 
911 1358.8 Bu 2.21 3.32 
912 1359.6 Bg 1.79 2.86 
913 1359.7 Ag 2.21 3.30 
914 1360.4 Bu 2.02 3.08 
915 1360.5 Au 2.14 3.20 
916 1360.9 Bg 1.69 2.82 
917 1360.9 Ag 1.33 2.39 
918 1361.4 Ag 1.15 2.13 
919 1361.8 Bg 1.00 1.92 
920 1362.2 Bu 1.66 2.82 
921 1362.9 Bg 1.77 2.89 
922 1363.5 Au 1.62 2.76 
923 1363.7 Ag 1.56 2.66 
924 1366.9 Bu 3.15 4.22 
925 1367.2 Au 3.12 4.20 
926 1367.3 Ag 3.05 4.13 
927 1367.4 Bg 3.01 4.09 
928 1378.2 Ag 3.37 4.42 
929 1378.4 Au 3.38 4.44 
930 1378.4 Bg 3.38 4.43 
931 1378.5 Bu 3.38 4.44 
932 1381.2 Ag 3.35 4.43 
933 1381.7 Bg 3.38 4.45 
934 1381.7 Bu 3.38 4.45 
935 1381.7 Au 3.36 4.43 
936 1385.8 Ag 3.27 4.35 
937 1386 Bg 3.23 4.32 
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938 1386.3 Au 3.27 4.36 
939 1386.6 Bu 3.24 4.33 
940 1390.8 Ag 2.85 3.89 
941 1391 Bg 2.83 3.87 
942 1391.6 Bu 2.82 3.86 
943 1391.6 Au 2.84 3.87 
944 1400.2 Ag 3.10 4.14 
945 1400.2 Bu 3.08 4.13 
946 1400.3 Au 3.07 4.12 
947 1400.4 Bg 3.10 4.14 
948 1416.6 Ag 1.21 2.36 
949 1417.7 Bg 1.17 2.32 
950 1419 Bu 1.05 2.15 
951 1419.8 Au 0.98 2.06 
952 1419.9 Ag 0.99 2.08 
953 1420.5 Bg 1.14 2.24 
954 1420.9 Au 1.28 2.43 
955 1421.6 Bu 1.24 2.38 
956 1423.9 Bu 0.96 2.01 
957 1423.9 Au 1.12 2.22 
958 1424.1 Bg 0.95 1.99 
959 1424.4 Ag 1.26 2.38 
960 1424.5 Bu 1.49 2.68 
961 1425 Au 1.63 2.82 
962 1425.3 Ag 1.14 2.25 
963 1425.6 Au 0.97 2.05 
964 1425.6 Bg 1.50 2.69 
965 1425.8 Bu 1.25 2.38 
966 1425.9 Ag 1.16 2.26 
967 1426.1 Bg 1.18 2.29 
968 1426.3 Ag 1.65 2.89 
969 1426.3 Au 1.20 2.35 
970 1426.6 Bu 1.47 2.68 
971 1427 Bg 1.51 2.69 
972 1427.5 Bg 1.41 2.57 
973 1427.6 Au 1.23 2.32 
974 1427.6 Ag 1.54 2.74 
975 1427.7 Bu 1.51 2.66 
976 1428.4 Au 1.63 2.81 
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977 1428.4 Bu 1.42 2.60 
978 1428.7 Bg 1.45 2.63 
979 1428.7 Ag 1.04 2.07 
980 1428.9 Au 1.35 2.52 
981 1429 Bu 1.16 2.28 
982 1429.6 Bg 1.31 2.43 
983 1429.7 Ag 1.31 2.43 
984 1430.2 Ag 1.47 2.57 
985 1430.5 Au 1.32 2.44 
986 1431.2 Bu 0.84 1.77 
987 1431.2 Bu 1.32 2.39 
988 1431.7 Bg 0.82 1.75 
989 1431.8 Au 1.19 2.29 
990 1431.9 Bg 0.98 1.99 
991 1431.9 Ag 0.89 1.85 
992 1432.3 Bu 0.99 1.98 
993 1432.9 Au 0.95 1.89 
994 1433.1 Bg 1.02 2.02 
995 1433.5 Ag 1.12 2.21 
996 1434.4 Bg 1.06 2.07 
997 1434.5 Bu 0.95 1.95 
998 1434.7 Ag 1.20 2.29 
999 1434.7 Au 1.46 2.61 
1000 1435.3 Ag 1.04 2.06 
1001 1435.4 Au 1.01 2.00 
1002 1435.4 Au 1.19 2.28 
1003 1435.8 Bu 1.26 2.40 
1004 1435.9 Bg 1.33 2.46 
1005 1436.9 Bu 1.13 2.17 
1006 1437.1 Ag 0.96 1.97 
1007 1437.1 Au 0.91 1.85 
1008 1437.5 Bg 1.08 2.15 
1009 1437.8 Bg 1.40 2.53 
1010 1437.9 Bu 1.37 2.49 
1011 1438.2 Ag 1.22 2.31 
1012 1438.3 Au 1.27 2.38 
1013 1438.4 Bu 0.78 1.72 
1014 1438.5 Bg 1.15 2.18 
1015 1438.5 Ag 1.06 2.07 
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1016 1438.6 Au 0.73 1.63 
1017 1439.2 Bu 1.19 2.22 
1018 1439.8 Ag 1.32 2.37 
1019 1439.8 Bg 1.13 2.20 
1020 1439.8 Au 0.95 1.96 
1021 1440 Ag 1.26 2.39 
1022 1440.3 Bg 0.91 1.85 
1023 1440.5 Bu 0.98 1.97 
1024 1440.5 Ag 0.84 1.80 
1025 1441 Bg 0.83 1.80 
1026 1441.2 Au 0.69 1.57 
1027 1441.3 Bu 1.23 2.30 
1028 1441.4 Au 0.86 1.81 
1029 1441.9 Ag 0.72 1.63 
1030 1441.9 Bu 1.00 1.96 
1031 1442.1 Bg 0.86 1.82 
1032 1442.7 Ag 0.59 1.44 
1033 1442.7 Bu 0.75 1.68 
1034 1443 Bg 1.27 2.35 
1035 1443.2 Au 0.92 1.87 
1036 1443.4 Bu 1.03 2.07 
1037 1443.4 Ag 1.16 2.24 
1038 1443.5 Bg 0.86 1.84 
1039 1444.2 Ag 1.13 2.19 
1040 1444.2 Au 1.21 2.31 
1041 1444.5 Bu 0.88 1.82 
1042 1444.7 Bg 0.95 1.86 
1043 1444.9 Au 0.88 1.86 
1044 1445.3 Ag 0.89 1.76 
1045 1445.4 Bu 0.86 1.83 
1046 1446 Bg 1.23 2.35 
1047 1446.1 Au 0.94 1.96 
1048 1446.3 Ag 0.97 2.03 
1049 1446.8 Bu 1.47 2.60 
1050 1447 Bg 1.11 2.11 
1051 1447.7 Bu 1.02 2.05 
1052 1447.8 Bg 1.14 2.20 
1053 1448.5 Au 1.09 2.08 
1054 1448.7 Ag 1.10 2.11 
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Table E.1. Continued. 
Phonon No. Energy (cm-1) Symmetry (C2h) Backb Forwardb 
1055 1448.8 Bg 0.88 1.86 
1056 1449 Au 1.39 2.45 
1057 1449.1 Ag 1.36 2.45 
1058 1449.3 Bu 0.85 1.77 
1059 1450.1 Au 1.36 2.44 
1060 1450.2 Bg 1.07 2.05 
1061 1450.3 Bu 1.28 2.35 
1062 1450.5 Au 0.96 1.93 
1063 1450.8 Ag 0.99 1.98 
1064 1451 Bg 1.33 2.34 
1065 1451.1 Ag 1.19 2.16 
1066 1451.3 Bg 0.97 1.93 
1067 1451.3 Au 1.09 2.13 
1068 1451.7 Bu 1.20 2.25 
1069 1452 Ag 1.09 2.13 
1070 1452.5 Au 1.39 2.48 
1071 1452.9 Au 1.29 2.38 
1072 1453.1 Bu 1.20 2.17 
1073 1453.2 Ag 1.37 2.42 
1074 1453.4 Bg 1.09 2.09 
1075 1453.8 Bu 1.28 2.27 
1076 1455.4 Bg 1.33 2.40 
1077 1455.4 Au 0.95 1.87 
1078 1455.4 Bu 1.19 2.28 
1079 1455.5 Ag 1.46 2.54 
1080 1456.1 Ag 0.84 1.82 
1081 1456.5 Au 2.17 3.42 
1082 1456.8 Bu 1.99 3.19 
1083 1456.8 Bg 1.11 2.14 
1084 1457.9 Bu 1.21 2.28 
1085 1458 Au 1.27 2.36 
1086 1458.8 Ag 1.32 2.39 
1087 1459.1 Bg 1.35 2.45 
1088 1459.6 Bu 1.20 2.27 
1089 1459.9 Ag 2.17 3.41 
1090 1460.1 Bg 1.99 3.20 
1091 1460.4 Au 1.20 2.22 
1092 1460.9 Au 1.73 2.91 
1093 1461.1 Bu 1.95 3.15 
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Table E.1. Continued. 
Phonon No. Energy (cm-1) Symmetry (C2h) Backb Forwardb 
1094 1461.2 Ag 2.08 3.34 
1095 1461.3 Bg 2.17 3.44 
1096 1462.5 Ag 1.59 2.74 
1097 1462.5 Bg 1.73 2.93 
1098 1462.6 Au 2.08 3.33 
1099 1463.5 Bu 1.88 3.10 
1100 1463.8 Ag 1.56 2.67 
1101 1464 Bu 1.53 2.63 
1102 1464 Au 1.37 2.46 
1103 1464.1 Bg 1.60 2.71 
1104 1469.9 Au 2.52 3.84 
1105 1470.3 Ag 2.46 3.78 
1106 1470.5 Bu 2.42 3.72 
1107 1471 Bg 2.40 3.70 
1108 1646 Ag 0.11 0.09 
1109 1646 Au 0.11 0.09 
1110 1646.4 Bg 0.10 0.09 
1111 1646.5 Bu 0.11 0.09 
1112 1677.9 Bu 0.10 0.08 
1113 1678.3 Ag 0.10 0.08 
1114 1681 Bg 0.10 0.08 
1115 1682.9 Au 0.10 0.08 
1116 2897.9 Ag 0.16 0.44 
1117 2898.5 Bu 0.15 0.43 
1118 2898.6 Au 0.15 0.43 
1119 2898.8 Bg 0.15 0.43 
1120 2902.5 Ag 0.38 0.86 
1121 2904 Bu 0.39 0.88 
1122 2904.2 Bg 0.39 0.88 
1123 2904.4 Au 0.39 0.88 
1124 2905.3 Ag 0.33 0.77 
1125 2905.9 Bg 0.32 0.76 
1126 2906.2 Bu 0.32 0.76 
1127 2906.3 Au 0.32 0.76 
1128 2909.5 Ag 0.40 0.89 
1129 2910.6 Bu 0.44 0.96 
1130 2910.7 Au 0.44 0.96 
1131 2911 Bg 0.44 0.96 
1132 2911.5 Ag 0.31 0.71 
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Table E.1. Continued. 
Phonon No. Energy (cm-1) Symmetry (C2h) Backb Forwardb 
1133 2912.9 Bg 0.21 0.52 
1134 2913 Bu 0.20 0.51 
1135 2913 Au 0.19 0.48 
1136 2913.3 Ag 0.31 0.71 
1137 2913.5 Ag 0.22 0.54 
1138 2913.6 Ag 0.35 0.80 
1139 2913.7 Bg 0.30 0.71 
1140 2913.8 Au 0.29 0.69 
1141 2913.8 Bu 0.27 0.65 
1142 2914.1 Bu 0.41 0.90 
1143 2914.1 Bg 0.38 0.85 
1144 2914.1 Au 0.41 0.90 
1145 2914.7 Ag 0.17 0.45 
1146 2914.8 Bg 0.14 0.39 
1147 2914.9 Au 0.12 0.35 
1148 2915.1 Bu 0.12 0.33 
1149 2915.3 Bu 0.18 0.49 
1150 2915.3 Ag 0.29 0.69 
1151 2915.4 Au 0.18 0.48 
1152 2915.5 Ag 0.44 0.90 
1153 2915.8 Bg 0.18 0.47 
1154 2915.8 Bu 0.28 0.66 
1155 2916 Au 0.26 0.63 
1156 2916 Bg 0.25 0.62 
1157 2916.1 Au 0.59 1.19 
1158 2916.3 Bu 0.59 1.17 
1159 2916.4 Bg 0.57 1.15 
1160 2921.1 Ag 0.39 0.87 
1161 2921.6 Au 0.38 0.86 
1162 2921.6 Bg 0.39 0.88 
1163 2921.8 Bu 0.39 0.87 
1164 2922.6 Ag 0.39 0.82 
1165 2922.8 Au 0.14 0.35 
1166 2922.8 Bu 0.07 0.23 
1167 2923.6 Ag 0.28 0.62 
1168 2923.6 Au 0.51 1.05 
1169 2923.7 Bu 0.57 1.15 
1170 2923.7 Bg 0.23 0.53 
1171 2923.9 Bg 0.42 0.87 
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Table E.1. Continued. 
Phonon No. Energy (cm-1) Symmetry (C2h) Backb Forwardb 
1172 2924.1 Ag 0.24 0.59 
1173 2924.7 Bg 0.30 0.69 
1174 2924.8 Bu 0.29 0.68 
1175 2924.9 Au 0.30 0.68 
1176 2925.5 Ag 0.36 0.79 
1177 2926.1 Bu 0.33 0.75 
1178 2926.2 Bg 0.33 0.74 
1179 2926.2 Au 0.33 0.74 
1180 2927 Bu 0.42 0.92 
1181 2927 Au 0.43 0.93 
1182 2927.5 Ag 0.42 0.92 
1183 2927.8 Bg 0.42 0.92 
1184 2929.5 Ag 0.18 0.48 
1185 2930.5 Au 0.17 0.46 
1186 2930.5 Bg 0.16 0.44 
1187 2930.6 Bu 0.16 0.44 
1188 2933.2 Ag 0.46 0.98 
1189 2933.5 Ag 0.47 0.99 
1190 2933.6 Au 0.47 0.99 
1191 2933.8 Bu 0.48 1.01 
1192 2933.8 Bg 0.47 0.99 
1193 2933.8 Bu 0.46 0.98 
1194 2934 Au 0.46 0.99 
1195 2934 Bg 0.47 0.99 
1196 2936.5 Ag 0.53 1.09 
1197 2936.9 Bg 0.52 1.08 
1198 2937.1 Bu 0.53 1.10 
1199 2937.2 Au 0.53 1.10 
1200 2938.7 Bu 0.55 1.11 
1201 2938.7 Bg 0.56 1.13 
1202 2938.8 Ag 0.51 1.04 
1203 2938.9 Au 0.49 1.01 
1204 2939.2 Ag 0.29 0.68 
1205 2939.3 Bu 0.26 0.63 
1206 2939.5 Au 0.31 0.72 
1207 2939.8 Bg 0.24 0.60 
1208 2941.5 Ag 0.46 0.97 
1209 2941.7 Au 0.46 0.98 
1210 2941.8 Bu 0.46 0.98 
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Table E.1. Continued. 
Phonon No. Energy (cm-1) Symmetry (C2h) Backb Forwardb 
1211 2941.8 Ag 0.39 0.86 
1212 2942 Bg 0.44 0.94 
1213 2942.1 Ag 0.40 0.88 
1214 2942.1 Bu 0.39 0.87 
1215 2942.2 Bg 0.40 0.88 
1216 2942.3 Au 0.40 0.88 
1217 2942.6 Bu 0.39 0.85 
1218 2942.7 Au 0.38 0.84 
1219 2942.9 Bg 0.39 0.85 
1220 2942.9 Ag 0.30 0.69 
1221 2943.2 Au 0.31 0.71 
1222 2943.3 Bg 0.31 0.71 
1223 2943.5 Bu 0.31 0.71 
1224 2946 Ag 0.40 0.87 
1225 2946.3 Bg 0.40 0.88 
1226 2948 Bu 0.38 0.84 
1227 2948 Au 0.38 0.84 
1228 2948.7 Bu 0.41 0.88 
1229 2948.7 Au 0.41 0.88 
1230 2948.8 Ag 0.41 0.89 
1231 2949.1 Bg 0.41 0.89 
1232 2955.1 Ag 0.78 1.43 
1233 2955.2 Au 0.83 1.50 
1234 2955.3 Bu 0.81 1.47 
1235 2955.3 Bg 0.76 1.40 
1236 2956.8 Ag 0.61 1.18 
1237 2956.9 Au 0.53 1.07 
1238 2957 Ag 0.93 1.64 
1239 2957.1 Bu 0.53 1.07 
1240 2957.2 Bg 0.56 1.12 
1241 2957.5 Au 0.95 1.67 
1242 2957.6 Bu 0.95 1.67 
1243 2957.6 Bg 0.93 1.63 
1244 2957.6 Ag 0.33 0.72 
1245 2957.8 Bu 0.34 0.73 
1246 2957.9 Bg 0.36 0.77 
1247 2957.9 Au 0.31 0.69 
1248 2961.9 Ag 1.08 1.84 
1249 2962.1 Bu 1.06 1.81 
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Table E.1. Continued. 
Phonon No. Energy (cm-1) Symmetry (C2h) Backb Forwardb 
1250 2962.2 Bg 1.05 1.80 
1251 2962.3 Au 1.06 1.82 
1252 2962.8 Ag 0.95 1.64 
1253 2962.9 Au 0.93 1.62 
1254 2963 Bu 0.95 1.64 
1255 2963.7 Bg 0.95 1.65 
1256 2964.7 Ag 0.69 1.28 
1257 2964.8 Bu 0.68 1.27 
1258 2964.9 Bg 0.69 1.28 
1259 2964.9 Au 0.68 1.27 
1260 2966.6 Bg 0.96 1.65 
1261 2966.7 Ag 1.04 1.78 
1262 2966.7 Bu 1.00 1.71 
1263 2967 Au 1.01 1.73 
1264 2968.1 Ag 0.56 1.09 
1265 2968.2 Bu 0.56 1.10 
1266 2968.2 Au 0.58 1.13 
1267 2968.4 Ag 0.59 1.12 
1268 2968.4 Bg 0.56 1.09 
1269 2968.6 Bg 0.63 1.18 
1270 2968.7 Au 0.67 1.23 
1271 2968.7 Bu 0.62 1.16 
1272 2969.6 Ag 0.45 0.91 
1273 2969.9 Au 0.41 0.85 
1274 2970.1 Bu 0.48 0.94 
1275 2970.2 Bg 0.52 1.01 
1276 2970.6 Ag 0.60 1.14 
1277 2970.7 Bg 0.60 1.15 
1278 2970.8 Au 0.61 1.17 
1279 2970.9 Bu 0.59 1.14 
1280 2971.5 Ag 0.49 0.98 
1281 2971.8 Au 0.49 0.99 
1282 2971.8 Bu 0.49 0.99 
1283 2972 Bg 0.49 0.98 
1284 2974.3 Ag 0.65 1.24 
1285 2974.8 Au 0.62 1.20 
1286 2974.9 Bu 0.63 1.22 
1287 2975 Bg 0.63 1.21 
1288 2976.2 Ag 0.93 1.64 
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Phonon No. Energy (cm-1) Symmetry (C2h) Backb Forwardb 
1289 2976.5 Au 0.95 1.68 
1290 2976.7 Bu 0.96 1.69 
1291 2976.7 Bg 0.95 1.68 
1292 2979.5 Ag 0.88 1.56 
1293 2980.2 Bu 0.65 1.20 
1294 2980.4 Bg 0.70 1.28 
1295 2980.4 Au 0.63 1.16 
1296 2981.1 Ag 0.27 0.58 
1297 2981.2 Bu 0.55 1.03 
1298 2981.2 Au 0.58 1.07 
1299 2981.5 Bg 0.46 0.88 
1300 2982.9 Ag 0.57 1.13 
1301 2983 Bg 0.57 1.13 
1302 2983 Bu 0.56 1.11 
1303 2983.1 Au 0.57 1.12 
1304 2983.5 Ag 0.79 1.43 
1305 2983.9 Bg 0.87 1.54 
1306 2984 Bu 0.52 0.98 
1307 2984.2 Au 0.67 1.21 
1308 2984.4 Au 0.22 0.50 
1309 2984.5 Bu 0.43 0.88 
1310 2984.5 Bg 0.29 0.68 
1311 2984.8 Ag 0.40 0.84 
1312 2984.8 Bu 0.29 0.62 
1313 2984.9 Au 0.34 0.75 
1314 2985.1 Ag 0.20 0.50 
1315 2985.4 Bg 0.28 0.63 
1316 2985.7 Au 0.25 0.58 
1317 2985.7 Ag 0.21 0.49 
1318 2985.8 Bu 0.25 0.58 
1319 2985.9 Bg 0.16 0.39 
1320 2986.4 Bu 0.25 0.58 
1321 2986.6 Au 0.28 0.62 
1322 2986.8 Ag 0.28 0.62 
1323 2987.1 Bg 0.33 0.71 
1324 2987.3 Bu 0.41 0.84 
1325 2987.3 Au 0.38 0.80 
1326 2987.5 Ag 0.28 0.61 
1327 2987.6 Bg 0.26 0.59 
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1328 2989.6 Ag 0.38 0.81 
1329 2989.6 Bu 0.38 0.81 
1330 2989.7 Bg 0.36 0.78 
1331 2989.8 Au 0.39 0.82 
1332 2991 Ag 0.18 0.45 
1333 2991.1 Bu 0.17 0.43 
1334 2991.1 Au 0.17 0.44 
1335 2991.4 Bg 0.19 0.47 
1336 2992.5 Ag 0.11 0.31 
1337 2992.7 Bg 0.10 0.29 
1338 2992.8 Au 0.12 0.32 
1339 2992.9 Bu 0.12 0.32 
1340 2993.3 Ag 0.08 0.23 
1341 2993.5 Bg 0.08 0.23 
1342 2994.8 Au 0.20 0.47 
1343 2994.9 Bu 0.18 0.42 
1344 2995 Ag 0.28 0.62 
1345 2995.3 Bg 0.28 0.63 
1346 2995.5 Au 0.15 0.36 
1347 2995.6 Bu 0.17 0.40 
1348 2997.2 Ag 0.14 0.39 
1349 2997.3 Au 0.14 0.39 
1350 2997.4 Bu 0.14 0.40 
1351 2997.4 Bg 0.15 0.40 
1352 3001.5 Ag 0.26 0.63 
1353 3001.6 Bu 0.26 0.63 
1354 3001.6 Bg 0.26 0.63 
1355 3001.7 Au 0.26 0.63 
1356 3004.1 Ag 0.15 0.40 
1357 3004.2 Bu 0.15 0.41 
1358 3004.3 Au 0.15 0.41 
1359 3004.3 Bg 0.15 0.41 
1360 3005.8 Bu 0.18 0.48 
1361 3005.8 Au 0.18 0.48 
1362 3006.1 Ag 1.04 1.78 
1363 3006.1 Au 1.03 1.76 
1364 3006.2 Bu 1.02 1.76 
1365 3006.2 Bg 1.03 1.76 
1366 3007.8 Ag 0.18 0.47 
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1367 3007.9 Bg 0.18 0.47 
1368 3009.3 Ag 0.18 0.48 
1369 3009.5 Bg 0.19 0.49 
1370 3009.7 Bu 0.19 0.49 
1371 3009.9 Au 0.20 0.50 
1372 3011.5 Ag 1.02 1.75 
1373 3011.7 Bg 1.02 1.75 
1374 3011.7 Au 1.01 1.74 
1375 3011.7 Bu 1.02 1.75 
1376 3013.1 Ag 0.20 0.51 
1377 3013.3 Bg 0.20 0.50 
1378 3013.5 Au 0.20 0.50 
1379 3013.5 Bu 0.20 0.51 
1380 3014.2 Ag 1.10 1.87 
1381 3014.4 Bu 1.11 1.87 
1382 3014.4 Au 1.11 1.88 
1383 3014.4 Bg 1.11 1.87 
1384 3015.3 Ag 0.86 1.54 
1385 3015.4 Au 0.87 1.54 
1386 3015.4 Bg 0.87 1.54 
1387 3015.4 Bu 0.87 1.54 
1388 3020.3 Au 0.97 1.69 
1389 3020.4 Ag 0.97 1.69 
1390 3020.6 Bu 0.97 1.69 
1391 3020.7 Bg 0.97 1.69 
1392 3022.9 Ag 1.08 1.83 
1393 3022.9 Au 1.08 1.84 
1394 3023 Bu 1.08 1.84 
1395 3023.2 Bg 1.08 1.83 
1396 3026 Ag 0.93 1.64 
1397 3026 Bg 0.93 1.64 
1398 3026.1 Au 0.93 1.64 
1399 3026.1 Bu 0.93 1.64 
1400 3033.9 Ag 1.19 1.98 
1401 3034.3 Au 1.19 1.98 
1402 3034.3 Bu 1.19 1.98 




a  The crystal structure of 6 (monoclinic, space group 14) has C2h symmetry. The 
symmetries of the phonon modes are thus in C2h. 




Appendix F. Double Group Character Tables 
Table F.1. D4h’ double group table. The first ten rows (Γ1 - Γ10) belong to the original D4h character table. Γ11 - Γ14 originate 
from the equations governing the double group.  
D4h' E 2C4 C2 2C2' 2C2" i 2S4 σh 2σv 2σd   
Γ1+ Γ1 A1g 1 1 1 1 1 1 1 1 1 1 x2 + y2, z2 
Γ2+ Γ2 A2g 1 1 1 -1 -1 1 1 1 -1 -1 Rz 
Γ3+ Γ3 B1g 1 -1 1 1 -1 1 -1 1 1 -1 x2 - y2 
Γ4+ Γ4 B2g 1 -1 1 -1 1 1 -1 1 -1 1 xy 
Γ5+ Γ5 Eg 2 0 -2 0 0 2 0 -2 0 0 (Rx, Ry) (xz, yz) 
Γ1+ Γ6 A1u 1 1 1 1 1 -1 -1 -1 -1 -1   
Γ2- Γ7 A2u 1 1 1 -1 -1 -1 -1 -1 1 1 z 
Γ3- Γ8 B1u 1 -1 1 1 -1 -1 1 -1 -1 1   
Γ4- Γ9 B2u 1 -1 1 -1 1 -1 1 -1 1 -1   
Γ5- Γ10 Eu 2 0 2 0 0 -2 0 -2 0 0 (x, y) 
Γ6+ Γ11 E1/2g 2 √2 0 0 0 2 √2 0 0 0   
Γ6- Γ12 E1/2u 2 √2 0 0 0 -2 -√2 0 0 0   
Γ7+ Γ13 E3/2g 2 -√2 0 0 0 2 -√2 0 0 0   
Γ7- Γ14 E3/2u 2 -√2 0 0 0 -2 √2 0 0 0   
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Table F.2. C2h’ double group table. 
C2h' E C2 i σh  
Γ1+ Γ1 Ag 1 1 1 1 x2,y2, z2, xy, Rz 
Γ2+ Γ2 Bg 1 -1 1 -1 Rx, Ry, yz, xz 
Γ1- Γ3 Au 1 1 -1 -1 z 
Γ2- Γ4 Bu 1 -1 -1 1 x, y 
Γ3+ Γ5 1E1/2g 1 i 1 i  
Γ4+ Γ6 2E1/2g 1 -i 1 -i  
Γ3- Γ7 1E1/2u 1 i -1 -i  
Γ4- Γ8 2E1/2u 1 -i -1 i  
 
Table F.3. C2v’ double group table. 
C2v' E C2 σv σv'  
Γ1 A1 1 1 1 1 z, x2, y2, z2 
Γ2 A2 1 1 -1 -1 Rz, xy 
Γ3 B1 1 -1 -1 1 x, Ry, xz 
Γ4 B2 1 -1 1 -1 y, Rx, yz 




Table F.4. D4d’ double group table. 
D4d' E 2C4 C2 4C2' 2S83 2S8 4σd   
Γ1 A1 1 1 1 1 1 1 1 x
2 + y2, z2 
Γ2 A2 1 1 1 -1 1 1 -1 Rz 
Γ3 B1 1 1 1 1 -1 -1 -1   
Γ4 B2 1 1 1 -1 -1 -1 1 Z 
Γ5 E1 2 0 -2 0 -√2 √2 0 (x, y) 
Γ6 E2 2 -2 2 0 0 0 0 (x
2 - y2, xy) 
Γ7 E3 2 0 -2 0 √2 -√2 0 (Rx, Ry)(xz, yz) 
Γ8 E1/2 2 √2 0 0 √(2-√2) √(2+√2) 0   
Γ9 E3/2 2 -√2 0 0 √(2+√2) -√(2-√2) 0   
Γ10 E5/2 2 -√2 0 0 -√(2+√2) -√(2-√2) 0   
Γ11 E7/2 2 √2 0 0 -√(2-√2) -√(2+√2) 0   
 
Table F.5. D4’ double group. 
D4' E C4 C2 2C2' 2C2"   
Γ1 A1g 1 1 1 1 1 x
2 + y2, z2 
Γ2 A2g 1 1 1 -1 -1 z, Rz 
Γ3 B1g 1 -1 1 1 -1 (x
2 - y2) 
Γ4 B2g 1 -1 1 -1 1 (xy) 
Γ5 Eg 2 0 -2 0 0 (x,y),(Rx, Ry)(xz, yz) 
Γ6 E1/2 2 √2 0 0 0   
Γ7 E3/2 2 -√2 0 0 0   
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Table F.6. C3v’ double group. 
C3v' E 2C3 3σv  
Γ1 A1 1 1 1 z, x2 + y2, z2 
Γ2 A2 1 1 -1 Rz 
Γ3 E1 2 -1 0 (x, y), (Rx, Ry), (xz, yz) 
Γ4 E1/2 2 1 0 (x2 - y2, xy) 
Γ5 1E3/2 2 -2 0  
Γ6 2E3/2 2 -2 0  
 
Table F.7. D3h’ double group. 
D3h' E 2C3 3C2' σh 2S3 3σv   
Γ1 A1' 1 1 1 1 1 1 x2 + y2, z2 
Γ2 A2' 1 1 -1 1 1 -1 Rz 
Γ3 E' 2 -1 0 2 -1 0 (x, y)(x2 - y2, xy) 
Γ4 A1" 1 1 1 -1 -1 -1   
Γ5 A2" 1 1 -1 -1 -1 1 z 
Γ6 E" 2 -1 0 -2 1 0 (Rx, Ry)(xz, yz) 
Γ7 E1/2 2 1 0 0 √3 0   
Γ8 E3/2 2 -2 0 0 0 0   
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